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ABSTRACT:	 ﾠWe	 ﾠpropose	 ﾠa	 ﾠsystem	 ﾠto	 ﾠsimulate,	 ﾠanalyze	 ﾠand	 ﾠvisualize	 ﾠoccupant	 ﾠbehavior	 ﾠin	 ﾠurban	 ﾠenvironments,	 ﾠ
combining	 ﾠparametric	 ﾠmodeling	 ﾠand	 ﾠagent-ﾭ‐based	 ﾠsimulation.	 ﾠA	 ﾠprocedurally	 ﾠgenerated	 ﾠ3D	 ﾠcity	 ﾠmodel,	 ﾠcontaining	 ﾠ
semantic	 ﾠinformation	 ﾠabout	 ﾠthe	 ﾠfunctions	 ﾠand	 ﾠbehaviors	 ﾠof	 ﾠbuildings,	 ﾠgets	 ﾠautomatically	 ﾠpopulated	 ﾠwith	 ﾠartificial	 ﾠ
agents	 ﾠrepresenting	 ﾠpedestrians,	 ﾠcars	 ﾠand	 ﾠpublic	 ﾠtransport	 ﾠvehicles	 ﾠinteracting	 ﾠwith	 ﾠthe	 ﾠbuilt	 ﾠenvironment	 ﾠand	 ﾠeach	 ﾠ
other.	 ﾠThe	 ﾠsystem	 ﾠidentifies	 ﾠempiric	 ﾠcorrelations	 ﾠamongst:	 ﾠfunctions	 ﾠof	 ﾠbuildings	 ﾠand	 ﾠother	 ﾠurban	 ﾠelements,	 ﾠ
population	 ﾠdensity,	 ﾠutilization	 ﾠand	 ﾠcapacity	 ﾠof	 ﾠthe	 ﾠpublic	 ﾠtransport	 ﾠnetwork,	 ﾠand	 ﾠcongestion	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠstreet	 ﾠ
network.	 ﾠPractical	 ﾠapplications	 ﾠinclude	 ﾠthe	 ﾠassessments	 ﾠof	 ﾠa)	 ﾠbottlenecks,	 ﾠb)	 ﾠpublic	 ﾠtransit	 ﾠefficiency,	 ﾠc)	 ﾠamenities	 ﾠ
accessibility,	 ﾠd)	 ﾠlevel	 ﾠof	 ﾠservice	 ﾠof	 ﾠpublic	 ﾠtransport	 ﾠand	 ﾠthe	 ﾠtraffic	 ﾠnetwork,	 ﾠas	 ﾠwell	 ﾠas	 ﾠe)	 ﾠthe	 ﾠstress	 ﾠand	 ﾠexhaustion	 ﾠof	 ﾠ
pedestrians.	 ﾠAll	 ﾠthese	 ﾠaspects	 ﾠultimately	 ﾠrelate	 ﾠto	 ﾠthe	 ﾠquality	 ﾠof	 ﾠlife	 ﾠwithin	 ﾠthe	 ﾠgiven	 ﾠurban	 ﾠareas.	 ﾠ
KEYWORDS:	 ﾠArtificial	 ﾠintelligence,	 ﾠProcedural	 ﾠModeling,	 ﾠagent	 ﾠbased	 ﾠsimulation,	 ﾠSpace	 ﾠSyntax,	 ﾠurban	 ﾠplanning,	 ﾠdesign	 ﾠ
evaluation,	 ﾠoccupant	 ﾠmovement.	 ﾠ
1.  Introduction	 ﾠ
The	 ﾠmajority	 ﾠof	 ﾠthe	 ﾠworld	 ﾠpopulation	 ﾠalready	 ﾠlives	 ﾠand	 ﾠworks	 ﾠin	 ﾠcities	 ﾠ(UN-ﾭ‐Habitat,	 ﾠ2009).	 ﾠThis	 ﾠinflux	 ﾠof	 ﾠnew	 ﾠ
residence	 ﾠputs	 ﾠa	 ﾠlot	 ﾠof	 ﾠpressure	 ﾠon	 ﾠthe	 ﾠexisting	 ﾠinfrastructure,	 ﾠand	 ﾠon	 ﾠthe	 ﾠplanning	 ﾠof	 ﾠnew	 ﾠand	 ﾠupgrade	 ﾠof	 ﾠexisting	 ﾠ
areas	 ﾠof	 ﾠthe	 ﾠcity.	 ﾠCities,	 ﾠlike	 ﾠLaos,	 ﾠcan’t	 ﾠkeep	 ﾠup	 ﾠbuilding	 ﾠthe	 ﾠnecessary	 ﾠinfrastructure,	 ﾠwhy	 ﾠthe	 ﾠquality	 ﾠof	 ﾠlife	 ﾠremains	 ﾠ
generally	 ﾠinsufficient.	 ﾠThis	 ﾠis	 ﾠpartially	 ﾠconfirmed	 ﾠby	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠstress	 ﾠexperienced	 ﾠamong	 ﾠcitizens	 ﾠwhen	 ﾠcompared	 ﾠto	 ﾠ
rural	 ﾠinhabitants.	 ﾠEven	 ﾠdoe	 ﾠinhabitants	 ﾠof	 ﾠcities	 ﾠare	 ﾠconsuming	 ﾠless	 ﾠenergy	 ﾠthen	 ﾠrural	 ﾠdwellers	 ﾠ(Cai,	 ﾠ2008),	 ﾠcities	 ﾠstill	 ﾠ
consume	 ﾠtoo	 ﾠmuch	 ﾠenergy,	 ﾠproduce	 ﾠtoo	 ﾠmuch	 ﾠwaste	 ﾠand	 ﾠemit	 ﾠtoo	 ﾠmuch	 ﾠCO2	 ﾠto	 ﾠconstitute	 ﾠa	 ﾠsustainable	 ﾠway	 ﾠof	 ﾠliving.	 ﾠ
As	 ﾠa	 ﾠresult,	 ﾠwe	 ﾠare	 ﾠfacing	 ﾠthe	 ﾠunprecedented	 ﾠchallenge	 ﾠof	 ﾠsimultaneously	 ﾠimproving	 ﾠthe	 ﾠlivability	 ﾠand	 ﾠsustainability	 ﾠof	 ﾠ
cities.	 ﾠ
Sustainability	 ﾠand	 ﾠquality	 ﾠof	 ﾠlife	 ﾠare	 ﾠboth	 ﾠcomplex	 ﾠmatters	 ﾠthat	 ﾠdepend	 ﾠon	 ﾠnumerous	 ﾠother,	 ﾠsometimes	 ﾠconflicting,	 ﾠ
aspects.	 ﾠIn	 ﾠthe	 ﾠlast	 ﾠcentury,	 ﾠurban	 ﾠplanning	 ﾠpatterns	 ﾠplaced	 ﾠemphasis	 ﾠon	 ﾠpath	 ﾠand	 ﾠnetwork	 ﾠoptimization	 ﾠfor	 ﾠcars	 ﾠand	 ﾠ
made	 ﾠdrastic	 ﾠchanges	 ﾠto	 ﾠthe	 ﾠstructure	 ﾠof	 ﾠthe	 ﾠcity.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠthese	 ﾠchanges	 ﾠnot	 ﾠlimited	 ﾠto	 ﾠthe	 ﾠindividual	 ﾠtraffic	 ﾠor	 ﾠ
other	 ﾠstreet	 ﾠusers,	 ﾠit	 ﾠalso	 ﾠchanges	 ﾠthe	 ﾠallocation	 ﾠof	 ﾠamenities,	 ﾠland	 ﾠprice	 ﾠetc.	 ﾠAdjusting	 ﾠone	 ﾠaspect	 ﾠof	 ﾠthe	 ﾠcity	 ﾠhas	 ﾠan	 ﾠ
influence	 ﾠon	 ﾠdifferent	 ﾠother	 ﾠequilibriums	 ﾠwithin	 ﾠthe	 ﾠcity.	 ﾠIt	 ﾠnow	 ﾠappears	 ﾠclearly	 ﾠthat	 ﾠoptimizing	 ﾠthe	 ﾠurban	 ﾠ
organization	 ﾠfrom	 ﾠthe	 ﾠpoint	 ﾠof	 ﾠview	 ﾠof	 ﾠpedestrians	 ﾠpositively	 ﾠimpacts	 ﾠboth	 ﾠthe	 ﾠsustainability	 ﾠof	 ﾠthe	 ﾠurban	 ﾠ
environments	 ﾠand	 ﾠthe	 ﾠquality	 ﾠof	 ﾠlife	 ﾠof	 ﾠtheir	 ﾠcitizens.	 ﾠA	 ﾠshift	 ﾠin	 ﾠthe	 ﾠmindset	 ﾠhas	 ﾠthus	 ﾠbeen	 ﾠtaking	 ﾠplace	 ﾠwith	 ﾠthe	 ﾠhuman	 ﾠ
perspective	 ﾠshifting	 ﾠin	 ﾠthe	 ﾠfocus	 ﾠof	 ﾠattention.	 ﾠIn	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠpedestrians,	 ﾠwe	 ﾠpresent	 ﾠa	 ﾠrobust	 ﾠand	 ﾠefficient	 ﾠmethod	 ﾠ
for	 ﾠsimulating	 ﾠand	 ﾠvisualizing	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠdifferent	 ﾠurban	 ﾠenvironment	 ﾠalternatives.	 ﾠThis	 ﾠmethod	 ﾠuniquely	 ﾠ
combines	 ﾠthe	 ﾠtechniques	 ﾠof	 ﾠcommercial	 ﾠcrowd	 ﾠsimulation	 ﾠapplications	 ﾠwith	 ﾠthe	 ﾠiterative	 ﾠstrength	 ﾠof	 ﾠprocedural	 ﾠcity	 ﾠ
modeling	 ﾠtechniques,	 ﾠwhich	 ﾠenable:	 ﾠa)	 ﾠassessments	 ﾠof	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠa	 ﾠgiven	 ﾠbuilt	 ﾠenvironment	 ﾠon	 ﾠpedestrians,	 ﾠand	 ﾠb)	 ﾠ
efficient	 ﾠiterative	 ﾠanalysis	 ﾠof	 ﾠdifferent	 ﾠbuilt	 ﾠenvironments.	 ﾠThis	 ﾠenables	 ﾠplanners	 ﾠto	 ﾠefficiently	 ﾠsearch	 ﾠmore	 ﾠsubtle	 ﾠ
ways	 ﾠto	 ﾠadjust	 ﾠthe	 ﾠurban	 ﾠfabric	 ﾠand	 ﾠgain	 ﾠa	 ﾠhuman	 ﾠperspective.	 ﾠIt	 ﾠmust	 ﾠbe	 ﾠnoted	 ﾠthat	 ﾠthe	 ﾠautomation	 ﾠaspect	 ﾠof	 ﾠour	 ﾠmethod	 ﾠalso	 ﾠoffers	 ﾠan	 ﾠadded	 ﾠvalue	 ﾠfor	 ﾠthe	 ﾠentertainment	 ﾠindustry	 ﾠwhile	 ﾠdelivering	 ﾠhigh	 ﾠquality	 ﾠimagery	 ﾠoutput	 ﾠ
through	 ﾠstandard	 ﾠproduction	 ﾠpipelines	 ﾠand	 ﾠa	 ﾠdecreasing	 ﾠworkload	 ﾠon	 ﾠthe	 ﾠprocedurally	 ﾠgenerated	 ﾠurban	 ﾠlayouts	 ﾠthat	 ﾠ
are	 ﾠsimulated	 ﾠas	 ﾠa	 ﾠpotentially	 ﾠrealistic	 ﾠurban	 ﾠenvironment	 ﾠwith	 ﾠassociated	 ﾠvirtual	 ﾠoccupants.	 ﾠ	 ﾠTraditionally,	 ﾠcosts	 ﾠand	 ﾠ
time	 ﾠneeded	 ﾠto	 ﾠproduce	 ﾠpopulated	 ﾠdigital	 ﾠurban	 ﾠsets	 ﾠare	 ﾠenormous	 ﾠfor	 ﾠmovie,	 ﾠgame	 ﾠand	 ﾠinteractive	 ﾠVR	 ﾠprojects.	 ﾠ
The	 ﾠrest	 ﾠof	 ﾠthe	 ﾠpaper	 ﾠis	 ﾠorganized	 ﾠas	 ﾠfollows.	 ﾠAfter	 ﾠreviewing	 ﾠbackground	 ﾠwork	 ﾠin	 ﾠthe	 ﾠfield	 ﾠof	 ﾠcity	 ﾠmodeling	 ﾠand	 ﾠurban	 ﾠ
simulation	 ﾠ(Section	 ﾠ2.),	 ﾠSection	 ﾠ3.	 ﾠwill	 ﾠpresent	 ﾠthe	 ﾠsystem	 ﾠthat	 ﾠwe	 ﾠpropose	 ﾠfor	 ﾠthe	 ﾠsimulation	 ﾠof	 ﾠpedestrians	 ﾠwithin	 ﾠa	 ﾠ
city	 ﾠenvironment,	 ﾠand	 ﾠassess	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠthe	 ﾠbuilt	 ﾠenvironment	 ﾠon	 ﾠpedestrians,	 ﾠand	 ﾠvice	 ﾠversa.	 ﾠFinally,	 ﾠthe	 ﾠ
performance	 ﾠof	 ﾠthe	 ﾠproposed	 ﾠsystem	 ﾠis	 ﾠanalyzed	 ﾠthrough	 ﾠ3	 ﾠexamples	 ﾠ(Section	 ﾠ8.).	 ﾠ
2.  Related	 ﾠworks	 ﾠ
This	 ﾠproject	 ﾠcombines	 ﾠworks	 ﾠfrom	 ﾠdifferent	 ﾠfields	 ﾠand	 ﾠhas	 ﾠtherefore	 ﾠto	 ﾠreference	 ﾠdifferent	 ﾠstreams	 ﾠof	 ﾠresearch.	 ﾠWe	 ﾠ
organized	 ﾠthis	 ﾠpart	 ﾠaccordingly	 ﾠin	 ﾠ2.1	 ﾠCrowd	 ﾠSimulation,	 ﾠ2.2	 ﾠUrban	 ﾠPlanning	 ﾠand	 ﾠ2.3	 ﾠ,The	 ﾠrest	 ﾠof	 ﾠthe	 ﾠpaper	 ﾠis	 ﾠ
organized	 ﾠas	 ﾠfollows.	 ﾠAfter	 ﾠreviewing	 ﾠbackground	 ﾠwork	 ﾠin	 ﾠthe	 ﾠfield	 ﾠof	 ﾠcity	 ﾠmodeling	 ﾠand	 ﾠurban	 ﾠsimulation	 ﾠ(Section	 ﾠ2.),	 ﾠ
Section	 ﾠ3.	 ﾠwill	 ﾠpresent	 ﾠthe	 ﾠsystem	 ﾠthat	 ﾠwe	 ﾠpropose	 ﾠfor	 ﾠthe	 ﾠsimulation	 ﾠof	 ﾠpedestrians	 ﾠwithin	 ﾠa	 ﾠcity	 ﾠenvironment,	 ﾠand	 ﾠ
assess	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠthe	 ﾠbuilt	 ﾠenvironment	 ﾠon	 ﾠpedestrians,	 ﾠand	 ﾠvice	 ﾠversa.	 ﾠFinally,	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠproposed	 ﾠ
system	 ﾠis	 ﾠanalyzed	 ﾠthrough	 ﾠ3	 ﾠexamples	 ﾠ(Section	 ﾠ8.).	 ﾠ
2.1.  Crowd	 ﾠSimulation	 ﾠOverview	 ﾠ
Models	 ﾠfor	 ﾠcrowd	 ﾠbehavior	 ﾠhave	 ﾠbeen	 ﾠan	 ﾠactive	 ﾠresearch	 ﾠfield	 ﾠsince	 ﾠthe	 ﾠlate	 ﾠ19th	 ﾠcentury	 ﾠ(e.g.	 ﾠsee	 ﾠLeBon,	 ﾠ1895).	 ﾠ
Today’s	 ﾠcomputer	 ﾠsimulation	 ﾠmodels	 ﾠhave	 ﾠa	 ﾠrelatively	 ﾠyoung	 ﾠhistory.	 ﾠMost	 ﾠrelevant	 ﾠapproaches	 ﾠhave	 ﾠbeen	 ﾠrealized	 ﾠ
within	 ﾠthe	 ﾠlast	 ﾠ20	 ﾠyears	 ﾠand	 ﾠare	 ﾠspecialized	 ﾠto	 ﾠdifferent	 ﾠfields.	 ﾠMore	 ﾠspecific	 ﾠis	 ﾠReynold’s	 ﾠ(1987)	 ﾠflocking	 ﾠmethod,	 ﾠ
which	 ﾠuses	 ﾠparticle	 ﾠsystems	 ﾠand	 ﾠrepresents	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠcommon	 ﾠapproaches	 ﾠfor	 ﾠsimulating	 ﾠgroup	 ﾠmovements.	 ﾠ
For	 ﾠmulti-ﾭ‐agent	 ﾠand	 ﾠlarge	 ﾠcrowd	 ﾠsimulation,	 ﾠseveral	 ﾠtechniques	 ﾠhave	 ﾠbeen	 ﾠproposed	 ﾠto	 ﾠanimate	 ﾠor	 ﾠsimulate	 ﾠlarge	 ﾠ
group	 ﾠof	 ﾠautomated	 ﾠagents	 ﾠand	 ﾠcrowds.	 ﾠThese	 ﾠmethods	 ﾠcan	 ﾠbe	 ﾠclassified	 ﾠin	 ﾠfive	 ﾠgroups	 ﾠ(Pelchano,	 ﾠ2008):	 ﾠ
•  Potential-ﾭbased	 ﾠmethods:	 ﾠPedestrian	 ﾠagents	 ﾠare	 ﾠmodeled	 ﾠas	 ﾠparticles	 ﾠwith	 ﾠpotentials	 ﾠand	 ﾠforces	 ﾠ(Helbing,	 ﾠ
2008)	 ﾠ
•  Boid-ﾭlike	 ﾠmethods:	 ﾠThese	 ﾠapproaches	 ﾠwere	 ﾠintroduced	 ﾠby	 ﾠReynolds,	 ﾠcreating	 ﾠsimple	 ﾠrules	 ﾠfor	 ﾠcomputing	 ﾠ
the	 ﾠvelocities	 ﾠ(Reynolds,	 ﾠ1999)	 ﾠ
•  Geometric	 ﾠmethod:	 ﾠThe	 ﾠaim	 ﾠof	 ﾠthese	 ﾠapproaches	 ﾠis	 ﾠto	 ﾠcompute	 ﾠcollision	 ﾠfree	 ﾠpaths.	 ﾠThey	 ﾠeither	 ﾠintegrate	 ﾠ
the	 ﾠvelocity	 ﾠspace	 ﾠor	 ﾠuse	 ﾠoptimization	 ﾠmethods	 ﾠ(van	 ﾠde	 ﾠBerg,	 ﾠ2009,	 ﾠGuy,	 ﾠ2009)	 ﾠ
•  Field	 ﾠbased	 ﾠmethods:	 ﾠThese	 ﾠalgorithms	 ﾠgenerate	 ﾠfields	 ﾠfor	 ﾠagents	 ﾠto	 ﾠfollow,	 ﾠor	 ﾠgenerate	 ﾠnavigation	 ﾠfields	 ﾠ
for	 ﾠdifferent	 ﾠagents	 ﾠbased	 ﾠon	 ﾠcontinuum	 ﾠtheories	 ﾠof	 ﾠflows	 ﾠor	 ﾠfluid	 ﾠmodes	 ﾠ(Treuille,	 ﾠ2006,	 ﾠNarain,	 ﾠ2009)	 ﾠ
•  Least	 ﾠeffort	 ﾠcrowds:	 ﾠThese	 ﾠalgorithms	 ﾠcompute	 ﾠthe	 ﾠpaths	 ﾠof	 ﾠcrowd	 ﾠagents	 ﾠusing	 ﾠZipf’s	 ﾠ(1949)	 ﾠprinciple	 ﾠof	 ﾠ
Least	 ﾠEffort	 ﾠ(Zipf,	 ﾠ1949).	 ﾠRecently	 ﾠthese	 ﾠhave	 ﾠbeen	 ﾠcombined	 ﾠwith	 ﾠcollision	 ﾠavoidance	 ﾠalgorithms	 ﾠand	 ﾠ
emergency	 ﾠbehaviors	 ﾠfor	 ﾠa	 ﾠlarge	 ﾠnumber	 ﾠof	 ﾠagents	 ﾠ(Patil,	 ﾠ2009).	 ﾠ	 ﾠ
In	 ﾠdetail,	 ﾠBrooks	 ﾠ(1991)	 ﾠprovides	 ﾠa	 ﾠcomprehensive	 ﾠfoundation	 ﾠon	 ﾠwhich	 ﾠmany	 ﾠof	 ﾠthe	 ﾠrecent	 ﾠagent	 ﾠmodels	 ﾠand	 ﾠtheories	 ﾠ
are	 ﾠbased.	 ﾠHe	 ﾠdescribes	 ﾠmany	 ﾠfailing	 ﾠartificial	 ﾠintelligence	 ﾠapproaches	 ﾠto	 ﾠset-ﾭ‐up	 ﾠintelligent	 ﾠagents.	 ﾠMusse	 ﾠand	 ﾠ
Thalmann	 ﾠ(2001)	 ﾠintroduced	 ﾠa	 ﾠmore	 ﾠflexible	 ﾠmodel	 ﾠwith	 ﾠhierarchical	 ﾠbehavior.	 ﾠPhysics	 ﾠand	 ﾠbody	 ﾠeffects	 ﾠhad	 ﾠbeen	 ﾠ
described	 ﾠby	 ﾠHelbing	 ﾠet	 ﾠal.	 ﾠ(2000)	 ﾠto	 ﾠsimulate	 ﾠescape	 ﾠbehavior	 ﾠand	 ﾠpanics	 ﾠeffectively.	 ﾠIn	 ﾠother	 ﾠfields,	 ﾠlike	 ﾠrobotics	 ﾠ
(Molnar	 ﾠand	 ﾠStarke	 ﾠ2001),	 ﾠsafety	 ﾠscience	 ﾠ(Still	 ﾠ2000)	 ﾠand	 ﾠsociology	 ﾠ(Jager	 ﾠet	 ﾠal.	 ﾠ2001),	 ﾠsimilar	 ﾠapproaches	 ﾠhave	 ﾠ
created	 ﾠsimulations	 ﾠinvolving	 ﾠgroups	 ﾠof	 ﾠindividual	 ﾠintelligent	 ﾠunits.	 ﾠFor	 ﾠa	 ﾠmore	 ﾠcomprehensive	 ﾠdescription	 ﾠof	 ﾠagent	 ﾠ
based	 ﾠpedestrian	 ﾠmovement,	 ﾠwe	 ﾠrefer	 ﾠto	 ﾠMagnenat-ﾭ‐Thalmann	 ﾠet	 ﾠal.,	 ﾠ(2004).	 ﾠFurthermore,	 ﾠHillier	 ﾠand	 ﾠHanson	 ﾠ(1984)	 ﾠ
introduced	 ﾠthe	 ﾠidea	 ﾠthat	 ﾠa	 ﾠcity	 ﾠand	 ﾠspaces	 ﾠin	 ﾠgeneral	 ﾠcan	 ﾠbe	 ﾠdivided	 ﾠinto	 ﾠcomponents	 ﾠto	 ﾠanalyze	 ﾠthem	 ﾠas	 ﾠa	 ﾠnetwork	 ﾠof	 ﾠ
choices	 ﾠand	 ﾠbe	 ﾠrepresented	 ﾠas	 ﾠmaps	 ﾠand	 ﾠgraphs.	 ﾠPenn	 ﾠand	 ﾠTurner	 ﾠ(2002)	 ﾠthen	 ﾠdescribed	 ﾠtheir	 ﾠmethod	 ﾠto	 ﾠuse	 ﾠurban	 ﾠ
agents	 ﾠwithin	 ﾠtheir	 ﾠspace	 ﾠsyntax	 ﾠsystem.	 ﾠParallel	 ﾠsystems	 ﾠevolved	 ﾠin	 ﾠcomputer	 ﾠgraphics	 ﾠto	 ﾠpopulate	 ﾠurban	 ﾠ
environments	 ﾠin	 ﾠreal-ﾭ‐time	 ﾠ(Penn	 ﾠund	 ﾠTurner,	 ﾠ2001;	 ﾠTecchia	 ﾠand	 ﾠChrysanthou,	 ﾠ2000).	 ﾠ	 ﾠ	 ﾠ
2.2.  Urban	 ﾠPlanning	 ﾠ
Current	 ﾠplanning	 ﾠmethods	 ﾠare	 ﾠbased	 ﾠon	 ﾠthe	 ﾠexperience	 ﾠof	 ﾠthe	 ﾠplanner	 ﾠand	 ﾠend	 ﾠwhen	 ﾠthe	 ﾠarchitect	 ﾠfinished	 ﾠthe	 ﾠ
building.	 ﾠThis	 ﾠis	 ﾠinsufficient	 ﾠfor	 ﾠthe	 ﾠfuture	 ﾠneeds,	 ﾠchanges,	 ﾠand	 ﾠincreased	 ﾠpressure	 ﾠon	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠurban	 ﾠ
configurations.	 ﾠThere	 ﾠis	 ﾠa	 ﾠdemand	 ﾠfor	 ﾠsimulations,	 ﾠincorporating	 ﾠa	 ﾠwider	 ﾠrange	 ﾠof	 ﾠscales,	 ﾠinterdependencies	 ﾠ–	 ﾠfrom	 ﾠ
building	 ﾠcodes	 ﾠto	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠthe	 ﾠentire	 ﾠcity,	 ﾠin	 ﾠorder	 ﾠto	 ﾠevaluate	 ﾠand	 ﾠpredict	 ﾠthe	 ﾠimpacts	 ﾠof	 ﾠplanning	 ﾠefforts	 ﾠand	 ﾠ
changes	 ﾠover	 ﾠtime.	 ﾠSingle	 ﾠlayer	 ﾠoptimizations,	 ﾠsuch	 ﾠas	 ﾠemergency	 ﾠevacuation	 ﾠor	 ﾠtraffic	 ﾠsimulations,	 ﾠexist	 ﾠin	 ﾠmany	 ﾠ
forms	 ﾠand	 ﾠare	 ﾠwidely	 ﾠcommercially	 ﾠavailable.	 ﾠThese	 ﾠtools	 ﾠincorporate	 ﾠa	 ﾠvery	 ﾠlimited	 ﾠnumber	 ﾠof	 ﾠparameters	 ﾠand	 ﾠeither	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠbuilding	 ﾠperformance,	 ﾠneglecting	 ﾠthe	 ﾠinterdependencies	 ﾠof	 ﾠbuildings,	 ﾠor	 ﾠwork	 ﾠin	 ﾠthe	 ﾠscale	 ﾠof	 ﾠa	 ﾠ
metropolitan	 ﾠregion,	 ﾠusing	 ﾠa	 ﾠgrid	 ﾠwith	 ﾠa	 ﾠscale	 ﾠcompiling	 ﾠwhole	 ﾠareas	 ﾠof	 ﾠa	 ﾠcity.	 ﾠ	 ﾠ
Recently,	 ﾠthere	 ﾠhave	 ﾠbeen	 ﾠapproaches	 ﾠto	 ﾠcombine	 ﾠbehavioral	 ﾠand	 ﾠstructural	 ﾠmodeling	 ﾠ(Vanegas	 ﾠet	 ﾠal.	 ﾠ2009).	 ﾠThese	 ﾠ
approaches	 ﾠtreat	 ﾠthe	 ﾠbehavioral	 ﾠstate	 ﾠas	 ﾠstatic	 ﾠinput.	 ﾠTo	 ﾠfind	 ﾠthe	 ﾠequilibrium	 ﾠbetween	 ﾠthem,	 ﾠan	 ﾠautomatic	 ﾠiteration	 ﾠof	 ﾠ
this	 ﾠloop	 ﾠis	 ﾠstill	 ﾠfar	 ﾠfrom	 ﾠbeing	 ﾠan	 ﾠintegrated,	 ﾠinteractive	 ﾠsystem.	 ﾠ	 ﾠA	 ﾠcloser	 ﾠintegration	 ﾠof	 ﾠfunction,	 ﾠbehavior,	 ﾠand	 ﾠstate	 ﾠ
reduces	 ﾠcalculation	 ﾠtime	 ﾠand	 ﾠallows	 ﾠa	 ﾠpractical	 ﾠintegrating.	 ﾠ
2.3.  Pedestrian	 ﾠmovement	 ﾠin	 ﾠUrban	 ﾠPlanning	 ﾠ
There	 ﾠis	 ﾠan	 ﾠeffort	 ﾠin	 ﾠtransport	 ﾠplanning	 ﾠto	 ﾠinclude	 ﾠpedestrian	 ﾠmovements	 ﾠand	 ﾠto	 ﾠmove	 ﾠfrom	 ﾠcar	 ﾠto	 ﾠpedestrian	 ﾠ-ﾭ‐
oriented	 ﾠtransport	 ﾠplanning.	 ﾠHowever,	 ﾠthis	 ﾠdevelopment	 ﾠis	 ﾠcurrently	 ﾠstill	 ﾠhampered	 ﾠby	 ﾠa	 ﾠlack	 ﾠof	 ﾠempiric	 ﾠsimulation	 ﾠ
methods.	 ﾠCurrent	 ﾠmethods	 ﾠfor	 ﾠpedestrian	 ﾠmovement	 ﾠanalysis	 ﾠare	 ﾠmeant	 ﾠfor	 ﾠus	 ﾠin	 ﾠearly	 ﾠdesign	 ﾠstages	 ﾠand	 ﾠthus	 ﾠtreat	 ﾠ
pedestrians	 ﾠmore	 ﾠlike	 ﾠa	 ﾠstatistical	 ﾠinput:	 ﾠcommon	 ﾠparameters	 ﾠare	 ﾠland	 ﾠuse	 ﾠand	 ﾠmodes	 ﾠof	 ﾠtransportation.	 ﾠ	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠclassification	 ﾠof	 ﾠcrowd	 ﾠsimulation	 ﾠmethods	 ﾠ(Section	 ﾠ2.1),	 ﾠcommercial	 ﾠsoftware	 ﾠfor	 ﾠpedestrian	 ﾠflow	 ﾠ
analysis	 ﾠtend	 ﾠto	 ﾠeither	 ﾠuse	 ﾠa	 ﾠparticle	 ﾠsystems	 ﾠwith	 ﾠa	 ﾠsocial	 ﾠforce	 ﾠmodel,	 ﾠneglecting	 ﾠthe	 ﾠspontaneous	 ﾠdecision	 ﾠprocesses	 ﾠ
and	 ﾠthat	 ﾠpeople	 ﾠactually	 ﾠwalk	 ﾠand	 ﾠtrip,	 ﾠor	 ﾠincorporate	 ﾠsimulated	 ﾠmovements	 ﾠof	 ﾠcrowds,	 ﾠbut	 ﾠthis	 ﾠrequires	 ﾠknowledge	 ﾠof	 ﾠ
the	 ﾠposition	 ﾠof	 ﾠevery	 ﾠsource	 ﾠand	 ﾠsink,	 ﾠwhich	 ﾠhas	 ﾠto	 ﾠbe	 ﾠmanually	 ﾠincorporated.	 ﾠ	 ﾠ
2.4.  Functional	 ﾠUrban	 ﾠModels	 ﾠ
Wegener	 ﾠ(1994)	 ﾠproposes	 ﾠurban	 ﾠmodels,	 ﾠin	 ﾠwhich	 ﾠhe	 ﾠdefines	 ﾠinteractions	 ﾠbetween	 ﾠdifferent	 ﾠentities	 ﾠsuch	 ﾠas	 ﾠland	 ﾠuse,	 ﾠ
networks,	 ﾠpopulation,	 ﾠhouse,	 ﾠemployment	 ﾠand	 ﾠtransportation	 ﾠof	 ﾠgoods,	 ﾠand	 ﾠthen	 ﾠuses	 ﾠthe	 ﾠmodel	 ﾠto	 ﾠcompare	 ﾠexisting	 ﾠ
operational	 ﾠmodels.	 ﾠWu	 ﾠand	 ﾠWebster	 ﾠ(1998)	 ﾠdeveloped	 ﾠa	 ﾠmodel	 ﾠintegrating	 ﾠmulti-ﾭ‐criteria	 ﾠevaluation	 ﾠwith	 ﾠcellular	 ﾠ
automata	 ﾠto	 ﾠsimulate	 ﾠland	 ﾠuse	 ﾠand	 ﾠland	 ﾠuse	 ﾠchanges.	 ﾠCellular	 ﾠautomata	 ﾠinclude	 ﾠthe	 ﾠspecial	 ﾠfeatures	 ﾠof	 ﾠtraditional	 ﾠ
urban	 ﾠmodels	 ﾠand	 ﾠcapture	 ﾠthe	 ﾠspatial	 ﾠfeatures	 ﾠof	 ﾠthe	 ﾠurban	 ﾠfabric.	 ﾠArtificial	 ﾠintelligence	 ﾠ(AI)	 ﾠhas	 ﾠbeen	 ﾠadopted	 ﾠto	 ﾠuse	 ﾠa	 ﾠ
knowledge-ﾭ‐based	 ﾠmethodology	 ﾠso	 ﾠthat	 ﾠmodels	 ﾠcan	 ﾠbe	 ﾠconstructed	 ﾠin	 ﾠa	 ﾠcompositional	 ﾠway	 ﾠand	 ﾠto	 ﾠprovide	 ﾠthe	 ﾠability	 ﾠto	 ﾠ
simulate	 ﾠdecision-ﾭ‐making	 ﾠprocesses	 ﾠof	 ﾠa	 ﾠsingle	 ﾠagent	 ﾠor	 ﾠa	 ﾠgroup	 ﾠof	 ﾠagents	 ﾠ(Batty	 ﾠand	 ﾠXie,	 ﾠ1997;	 ﾠArend	 ﾠet	 ﾠal.,	 ﾠ2001).	 ﾠ
Waddell	 ﾠand	 ﾠUlfarsson	 ﾠbroadly	 ﾠdefine	 ﾠurban	 ﾠsimulation	 ﾠas	 ﾠ“operational	 ﾠmodels	 ﾠthat	 ﾠattempt	 ﾠto	 ﾠrepresent	 ﾠdynamic	 ﾠ
processes	 ﾠand	 ﾠinteractions	 ﾠof	 ﾠurban	 ﾠdevelopment	 ﾠand	 ﾠtransportation”	 ﾠ(Waddell	 ﾠand	 ﾠUlfarsson,	 ﾠ2004).	 ﾠTheir	 ﾠ
introduction	 ﾠgives	 ﾠa	 ﾠgood	 ﾠoverview	 ﾠof	 ﾠspecific	 ﾠtechniques	 ﾠ(such	 ﾠas	 ﾠcellular	 ﾠautomata	 ﾠor	 ﾠmulti-ﾭ‐agent	 ﾠsystems)	 ﾠthat	 ﾠ
have	 ﾠbeen	 ﾠsuccessfully	 ﾠimplemented	 ﾠin	 ﾠa	 ﾠstate-ﾭ‐of-ﾭ‐the-ﾭ‐art	 ﾠurban	 ﾠsimulation	 ﾠsystem,	 ﾠUrbanSim	 ﾠ(Waddell,	 ﾠ2002).	 ﾠ
Traditionally,	 ﾠthe	 ﾠtools	 ﾠoperate	 ﾠon	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠregular	 ﾠgrids	 ﾠconsiderably	 ﾠlarger	 ﾠthan	 ﾠindividual	 ﾠbuilding	 ﾠlots.	 ﾠMore	 ﾠ
recent	 ﾠapproaches	 ﾠovercome	 ﾠthe	 ﾠrigid	 ﾠgrid	 ﾠcell	 ﾠmodel	 ﾠby	 ﾠtaking	 ﾠmore	 ﾠrefined	 ﾠscales	 ﾠinto	 ﾠaccount,	 ﾠtypically	 ﾠstarting	 ﾠ
from	 ﾠparcels	 ﾠto	 ﾠzones	 ﾠ(Waddell	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
3.  Overview	 ﾠof	 ﾠProposed	 ﾠApproach	 ﾠand	 ﾠContribution	 ﾠ
In	 ﾠAschwanden	 ﾠet	 ﾠal.	 ﾠ(2008),	 ﾠan	 ﾠoccupant	 ﾠsimulation	 ﾠmethod	 ﾠwas	 ﾠintroduced,	 ﾠwhich	 ﾠis	 ﾠnow	 ﾠextended	 ﾠby	 ﾠthe	 ﾠpresent	 ﾠ
work.	 ﾠThe	 ﾠprocedural	 ﾠmodeling	 ﾠtechnique,	 ﾠon	 ﾠwhich	 ﾠour	 ﾠurban	 ﾠmodel	 ﾠis	 ﾠbased,	 ﾠwas	 ﾠinitially	 ﾠpresented	 ﾠby	 ﾠParish	 ﾠand	 ﾠ
Mueller	 ﾠ(2001)	 ﾠfor	 ﾠthe	 ﾠmodeling	 ﾠof	 ﾠcities.	 ﾠThen,	 ﾠMueller	 ﾠet	 ﾠal.	 ﾠ(2007)	 ﾠdeveloped	 ﾠit	 ﾠfor	 ﾠthe	 ﾠmodeling	 ﾠof	 ﾠbuildings,	 ﾠand	 ﾠit	 ﾠ
has	 ﾠsince	 ﾠbeen	 ﾠpractically	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠurban	 ﾠplanning	 ﾠby	 ﾠUlmer	 ﾠet	 ﾠal.	 ﾠ(2007)	 ﾠand	 ﾠHalatsch	 ﾠet	 ﾠal.	 ﾠ(2008a	 ﾠ
and	 ﾠ2008b).	 ﾠGenerative	 ﾠcity	 ﾠmodels	 ﾠnot	 ﾠonly	 ﾠallow	 ﾠadjusting	 ﾠand	 ﾠupdating	 ﾠthe	 ﾠphysical	 ﾠrepresentation	 ﾠof	 ﾠthe	 ﾠcity	 ﾠand	 ﾠ
its	 ﾠstreet	 ﾠlayout	 ﾠor	 ﾠa	 ﾠsingle	 ﾠbuilding,	 ﾠbut	 ﾠthey	 ﾠalso	 ﾠincorporate	 ﾠmetadata	 ﾠabout	 ﾠthe	 ﾠuse,	 ﾠconstruction	 ﾠdetails	 ﾠand	 ﾠ
capacity	 ﾠof	 ﾠmost	 ﾠof	 ﾠthe	 ﾠelements	 ﾠconstituting	 ﾠthe	 ﾠcities.	 ﾠWith	 ﾠthe	 ﾠknowledge	 ﾠof	 ﾠfloor	 ﾠspace,	 ﾠfunction	 ﾠand	 ﾠlocation	 ﾠ
(which	 ﾠcity,	 ﾠdistance	 ﾠto	 ﾠthe	 ﾠcentre)	 ﾠof	 ﾠevery	 ﾠbuilding,	 ﾠwe	 ﾠare	 ﾠthus	 ﾠable	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠamount	 ﾠof	 ﾠtraffic	 ﾠ(e.g.	 ﾠcars,	 ﾠ
pedestrians,	 ﾠetc.)	 ﾠevery	 ﾠbuilding	 ﾠgenerates	 ﾠand	 ﾠabsorbs	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠa	 ﾠday.	 ﾠFor	 ﾠexample,	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠ
pedestrian	 ﾠagents	 ﾠgenerated	 ﾠby	 ﾠa	 ﾠgiven	 ﾠbuilding	 ﾠagent	 ﾠrelates	 ﾠto	 ﾠits	 ﾠsize,	 ﾠfunction	 ﾠand	 ﾠlocation.	 ﾠThe	 ﾠcombination	 ﾠof	 ﾠ
methods	 ﾠfrom	 ﾠartificial	 ﾠintelligence	 ﾠincorporates	 ﾠalso	 ﾠbehavior	 ﾠof	 ﾠthese	 ﾠitems.	 ﾠFor	 ﾠexample,	 ﾠagents	 ﾠare	 ﾠused	 ﾠto	 ﾠ
represent	 ﾠnot	 ﾠonly	 ﾠthe	 ﾠbuildings	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠmaster	 ﾠplan	 ﾠbut	 ﾠalso	 ﾠtheir	 ﾠadaptive	 ﾠfunctions.	 ﾠEvery	 ﾠbuilding	 ﾠagent	 ﾠ
therefore	 ﾠhas	 ﾠsome	 ﾠmeaning	 ﾠto	 ﾠother	 ﾠagents.	 ﾠEvery	 ﾠagent	 ﾠhas	 ﾠan	 ﾠindividual	 ﾠset	 ﾠof	 ﾠpreferences	 ﾠtowards	 ﾠspecific	 ﾠplaces	 ﾠ
and	 ﾠamenities	 ﾠand	 ﾠhas	 ﾠindividual	 ﾠabilities,	 ﾠlike	 ﾠstrength,	 ﾠendurance,	 ﾠspeed	 ﾠetc.,	 ﾠto	 ﾠreach	 ﾠthem.	 ﾠOn	 ﾠthe	 ﾠother	 ﾠhand,	 ﾠeach	 ﾠ
point	 ﾠof	 ﾠinterest	 ﾠis	 ﾠadaptive.	 ﾠFor	 ﾠexample,	 ﾠa	 ﾠparking	 ﾠlot	 ﾠloses	 ﾠits	 ﾠattraction	 ﾠfor	 ﾠfurther	 ﾠcar-ﾭ‐agents	 ﾠif	 ﾠit’s	 ﾠoccupied	 ﾠ–	 ﾠ
empty	 ﾠparking	 ﾠlots	 ﾠwill	 ﾠgain	 ﾠtheir	 ﾠattraction	 ﾠagain.	 ﾠPrimarily	 ﾠevery	 ﾠmoving	 ﾠagent	 ﾠhas	 ﾠa	 ﾠmajor	 ﾠgoal	 ﾠand	 ﾠvisits	 ﾠother	 ﾠ
places	 ﾠalong	 ﾠthe	 ﾠway.	 ﾠAgents	 ﾠfind	 ﾠtheir	 ﾠway	 ﾠthrough	 ﾠthe	 ﾠcity	 ﾠand	 ﾠconstantly	 ﾠinteract	 ﾠwith	 ﾠother	 ﾠagents	 ﾠand	 ﾠthe	 ﾠ
environment.	 ﾠTheir	 ﾠexperience	 ﾠis	 ﾠcolor	 ﾠcoded	 ﾠin	 ﾠan	 ﾠindividual	 ﾠline,	 ﾠanalyzing	 ﾠtheir	 ﾠpath	 ﾠtowards	 ﾠinternal	 ﾠand	 ﾠobjective	 ﾠ
attributes,	 ﾠranging	 ﾠfrom	 ﾠempiric,	 ﾠe.g.	 ﾠtotal	 ﾠtime	 ﾠof	 ﾠtravel,	 ﾠto	 ﾠpersonal,	 ﾠe.g.	 ﾠeffort	 ﾠto	 ﾠachieve	 ﾠall	 ﾠgoals.	 ﾠEach	 ﾠagent	 ﾠthen	 ﾠ
draws	 ﾠan	 ﾠindividual	 ﾠpath	 ﾠon	 ﾠthe	 ﾠground,	 ﾠcolor-ﾭ‐coded	 ﾠaccording	 ﾠto	 ﾠa	 ﾠset	 ﾠattributes	 ﾠdefined	 ﾠby	 ﾠuser,	 ﾠe.g.	 ﾠexhaustion,	 ﾠ
amount	 ﾠof	 ﾠpersonal	 ﾠspace	 ﾠetc.	 ﾠIt	 ﾠis	 ﾠimportant,	 ﾠwhen	 ﾠanalyzing	 ﾠthese	 ﾠpathways,	 ﾠto	 ﾠbe	 ﾠcautious	 ﾠabout	 ﾠan	 ﾠevaluation,	 ﾠwhich	 ﾠcomes	 ﾠfrom	 ﾠa	 ﾠsingle	 ﾠagent	 ﾠhaving	 ﾠproblems.	 ﾠHowever,	 ﾠwe	 ﾠknow	 ﾠthat,	 ﾠif	 ﾠhundreds	 ﾠof	 ﾠagents	 ﾠare	 ﾠhaving	 ﾠthe	 ﾠsame	 ﾠ
problem	 ﾠin	 ﾠthe	 ﾠsame	 ﾠarea,	 ﾠthe	 ﾠproblem	 ﾠis	 ﾠinherited	 ﾠin	 ﾠthe	 ﾠdesign	 ﾠ(Surowiecki,	 ﾠ2007).	 ﾠWe	 ﾠcan	 ﾠmeasure	 ﾠ‘the	 ﾠlevel	 ﾠof	 ﾠ
exhaustion’	 ﾠof	 ﾠagents,	 ﾠwhich	 ﾠthen	 ﾠenables	 ﾠus	 ﾠto	 ﾠput	 ﾠpublic	 ﾠtransport	 ﾠstations	 ﾠor	 ﾠresting	 ﾠareas	 ﾠaccordingly.	 ﾠTo	 ﾠavoid	 ﾠ
unnecessarily	 ﾠlong	 ﾠdistance	 ﾠtravel	 ﾠto	 ﾠa	 ﾠsingle	 ﾠgoal	 ﾠfor	 ﾠan	 ﾠagent,	 ﾠwe	 ﾠcan	 ﾠpropose	 ﾠchanges	 ﾠto	 ﾠthe	 ﾠtraffic	 ﾠguidance	 ﾠsystem	 ﾠ
or	 ﾠthe	 ﾠstreet	 ﾠnetwork	 ﾠitself.	 ﾠ
3.1.  Overview	 ﾠof	 ﾠProposed	 ﾠApproach	 ﾠ
The	 ﾠproposed	 ﾠapproach	 ﾠis	 ﾠbased	 ﾠon	 ﾠagent	 ﾠbased	 ﾠcrowd	 ﾠsimulation	 ﾠ(Massive	 ﾠsoftware	 ﾠpackage).	 ﾠAt	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠ
simulations	 ﾠare	 ﾠpedestrian	 ﾠagents	 ﾠthat	 ﾠare	 ﾠcreated	 ﾠin	 ﾠrelevant	 ﾠlocations	 ﾠin	 ﾠthe	 ﾠcity	 ﾠand	 ﾠattached	 ﾠwith	 ﾠgoals	 ﾠ(final	 ﾠand	 ﾠ
intermediary)	 ﾠand	 ﾠbehavior	 ﾠmodels.	 ﾠThe	 ﾠgeneration	 ﾠlocations	 ﾠand	 ﾠthe	 ﾠgoals	 ﾠof	 ﾠthe	 ﾠagents	 ﾠare	 ﾠautomatically	 ﾠ
established	 ﾠbased	 ﾠon	 ﾠthe	 ﾠfunctions	 ﾠof	 ﾠthe	 ﾠbuildings	 ﾠconstituting	 ﾠthe	 ﾠcity	 ﾠmodel.	 ﾠThen,	 ﾠthe	 ﾠcity	 ﾠmodel	 ﾠis	 ﾠaugmented	 ﾠ
with	 ﾠa	 ﾠpublic	 ﾠtransport	 ﾠnetwork	 ﾠwith	 ﾠmoving	 ﾠagents	 ﾠ(e.g.	 ﾠbuses).	 ﾠThese	 ﾠagents	 ﾠare	 ﾠalso	 ﾠprovided	 ﾠwith	 ﾠgoals	 ﾠand	 ﾠ
behavior	 ﾠmodels.	 ﾠThey	 ﾠimpact	 ﾠthe	 ﾠsimulation	 ﾠthrough	 ﾠtheir	 ﾠpredefined	 ﾠservices	 ﾠand	 ﾠtheir	 ﾠlimited	 ﾠservice	 ﾠcapacity.	 ﾠ
Finally,	 ﾠthe	 ﾠsystem	 ﾠsimulates	 ﾠcar	 ﾠtraffic	 ﾠin	 ﾠorder	 ﾠto	 ﾠtake	 ﾠinto	 ﾠaccount	 ﾠits	 ﾠimpact	 ﾠon	 ﾠboth	 ﾠthe	 ﾠpedestrian	 ﾠand	 ﾠthe	 ﾠpublic	 ﾠ
transportation	 ﾠtraffics.	 ﾠ
In	 ﾠorder	 ﾠto	 ﾠmake	 ﾠthe	 ﾠintended	 ﾠsimulation	 ﾠpossible	 ﾠand	 ﾠrealistic,	 ﾠa	 ﾠdetailed	 ﾠand	 ﾠsemantically	 ﾠrich	 ﾠcity	 ﾠmodel	 ﾠis	 ﾠ
necessary.	 ﾠFor	 ﾠinstance,	 ﾠthe	 ﾠcity	 ﾠmodel	 ﾠshould	 ﾠclearly	 ﾠspecify	 ﾠbuilding	 ﾠfunctions	 ﾠ(used	 ﾠfor	 ﾠdefining	 ﾠtheir	 ﾠcapacities	 ﾠto	 ﾠ
generate	 ﾠand	 ﾠabsorb	 ﾠpedestrian	 ﾠagents)	 ﾠand	 ﾠstreet	 ﾠcharacteristics	 ﾠ(sidewalk	 ﾠsize,	 ﾠnumber	 ﾠof	 ﾠcar	 ﾠlines,	 ﾠcrossroads	 ﾠ
characteristics).	 ﾠFurther,	 ﾠas	 ﾠthe	 ﾠultimate	 ﾠgoal	 ﾠof	 ﾠthis	 ﾠwork	 ﾠis	 ﾠto	 ﾠsupport	 ﾠurban	 ﾠplanning	 ﾠand	 ﾠthus	 ﾠthe	 ﾠassessment	 ﾠof	 ﾠthe	 ﾠ
impact	 ﾠof	 ﾠthe	 ﾠcharacteristics	 ﾠabove	 ﾠon	 ﾠthe	 ﾠoverall	 ﾠtraffic,	 ﾠit	 ﾠis	 ﾠimportant	 ﾠthat	 ﾠthe	 ﾠcity	 ﾠmodel	 ﾠenables	 ﾠchanging	 ﾠthese	 ﾠ
characteristics	 ﾠeasily.	 ﾠ	 ﾠThis	 ﾠmotivated	 ﾠthe	 ﾠuse	 ﾠof	 ﾠgenerative	 ﾠmodeling.	 ﾠIn	 ﾠour	 ﾠapproach,	 ﾠwe	 ﾠuse	 ﾠthe	 ﾠCityEngine	 ﾠ
software	 ﾠpackage	 ﾠto	 ﾠcreate	 ﾠparametrically	 ﾠa	 ﾠcity	 ﾠmodels.	 ﾠThe	 ﾠdigital	 ﾠcity	 ﾠmodel	 ﾠis	 ﾠnot	 ﾠlimited	 ﾠto	 ﾠthe	 ﾠ3d	 ﾠrepresentation	 ﾠ
and	 ﾠincludes	 ﾠsemantic	 ﾠinformation	 ﾠof	 ﾠthe	 ﾠbuildings	 ﾠand	 ﾠthe	 ﾠstreet	 ﾠnetwork.	 ﾠ
FIG.	 ﾠ1:	 ﾠWorkflow	 ﾠfor	 ﾠa	 ﾠdesign	 ﾠiterations	 ﾠ(Input	 ﾠ–	 ﾠOutput	 ﾠbased	 ﾠsystems).	 ﾠ
3.2.  Contribution	 ﾠ
The	 ﾠcontribution	 ﾠof	 ﾠthis	 ﾠwork	 ﾠis	 ﾠthus	 ﾠmultiple.	 ﾠFirst,	 ﾠthe	 ﾠrelationships	 ﾠbetween	 ﾠall	 ﾠurban	 ﾠagents	 ﾠare	 ﾠmore	 ﾠaccurately	 ﾠ
modeled.	 ﾠThe	 ﾠpedestrian-ﾭ‐agents	 ﾠare	 ﾠattributed	 ﾠwith	 ﾠdynamic	 ﾠ(i.e.	 ﾠadaptive)	 ﾠbehavior	 ﾠmodels	 ﾠwith	 ﾠspecific	 ﾠpreferences	 ﾠ
for	 ﾠspecific	 ﾠfinal	 ﾠand	 ﾠintermediary	 ﾠgoals	 ﾠand	 ﾠindividual	 ﾠabilities	 ﾠ(such	 ﾠas	 ﾠstrength,	 ﾠendurance,	 ﾠspeed	 ﾠetc.)	 ﾠto	 ﾠreach	 ﾠ
them.	 ﾠThe	 ﾠgoals	 ﾠare	 ﾠthemselves	 ﾠgiven	 ﾠadaptive	 ﾠbehavior	 ﾠmodels	 ﾠthat	 ﾠdepend	 ﾠon	 ﾠinternal	 ﾠand	 ﾠexternal	 ﾠdynamic	 ﾠ
parameters.	 ﾠThis	 ﾠresults	 ﾠin	 ﾠa	 ﾠmore	 ﾠrealistic	 ﾠmodeling	 ﾠof	 ﾠthe	 ﾠdynamic	 ﾠinteraction	 ﾠof	 ﾠthe	 ﾠurban	 ﾠenvironment	 ﾠand	 ﾠthe	 ﾠ
pedestrian	 ﾠagents.	 ﾠ	 ﾠ
The	 ﾠsecond	 ﾠcontribution	 ﾠof	 ﾠthis	 ﾠwork	 ﾠis	 ﾠa	 ﾠmethod	 ﾠfor	 ﾠcreating	 ﾠcity	 ﾠmodels,	 ﾠcontaining	 ﾠphysical	 ﾠrepresentations	 ﾠof	 ﾠtheir	 ﾠ
constituting	 ﾠelements	 ﾠand	 ﾠdetailed	 ﾠnetworks	 ﾠof	 ﾠfunctions	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠdirectly	 ﾠimported	 ﾠand	 ﾠused	 ﾠin	 ﾠthe	 ﾠsimulation	 ﾠ
software	 ﾠpackage.	 ﾠThis	 ﾠsignificantly	 ﾠimpacts	 ﾠthe	 ﾠintegration	 ﾠand	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠautomation	 ﾠof	 ﾠthe	 ﾠoverall	 ﾠsimulation	 ﾠ
process.	 ﾠThe	 ﾠcity	 ﾠmodels	 ﾠcan	 ﾠbe	 ﾠeffectively	 ﾠcreated	 ﾠfrom	 ﾠexisting	 ﾠinformation	 ﾠsuch	 ﾠas	 ﾠmaster	 ﾠplans,	 ﾠstreet	 ﾠnetworks,	 ﾠ
and	 ﾠelevation	 ﾠmaps.	 ﾠ
The	 ﾠthird	 ﾠcontribution	 ﾠis	 ﾠa	 ﾠmethod	 ﾠfor	 ﾠautomatically	 ﾠdefining	 ﾠthe	 ﾠlocations	 ﾠwhere	 ﾠagents	 ﾠmust	 ﾠbe	 ﾠgenerated	 ﾠfrom	 ﾠthe	 ﾠ
semantic	 ﾠinformation	 ﾠcontained	 ﾠin	 ﾠthe	 ﾠcity	 ﾠmodel	 ﾠimported	 ﾠinto	 ﾠthe	 ﾠsimulation	 ﾠplatform.	 ﾠThis	 ﾠfurther	 ﾠimpacts	 ﾠthe	 ﾠ
efficiency	 ﾠand	 ﾠrobustness	 ﾠof	 ﾠthe	 ﾠoverall	 ﾠsimulation	 ﾠprocess.	 ﾠ
Finally,	 ﾠwe	 ﾠprovide	 ﾠa	 ﾠmeans	 ﾠto	 ﾠvisually	 ﾠassess	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠsimulated	 ﾠurban	 ﾠenvironment,	 ﾠenabling	 ﾠurban	 ﾠ
planners	 ﾠto	 ﾠidentify	 ﾠareas	 ﾠwhere	 ﾠimprovements	 ﾠcould	 ﾠbe	 ﾠmade	 ﾠand	 ﾠto	 ﾠtest	 ﾠalternative	 ﾠsolutions.	 ﾠThe	 ﾠgenerative	 ﾠ
parametric	 ﾠcity	 ﾠmodel	 ﾠand	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠautomation	 ﾠachieved	 ﾠwith	 ﾠthe	 ﾠproposed	 ﾠsystem	 ﾠare	 ﾠcritical	 ﾠto	 ﾠenable	 ﾠthe	 ﾠ
planners	 ﾠto	 ﾠeffectively	 ﾠand	 ﾠefficiently	 ﾠconduct	 ﾠsuch	 ﾠan	 ﾠiterative	 ﾠprocess.	 ﾠ
4.  Urban	 ﾠModel	 ﾠ
We	 ﾠorganize	 ﾠthe	 ﾠbuild	 ﾠenvironment	 ﾠof	 ﾠthe	 ﾠcity	 ﾠin	 ﾠ2	 ﾠlayers:	 ﾠI)	 ﾠthe	 ﾠphysically	 ﾠbuild	 ﾠenvironment	 ﾠand	 ﾠII)	 ﾠthe	 ﾠsemantic	 ﾠ
distribution	 ﾠof	 ﾠfunctions.	 ﾠBoth	 ﾠlayers	 ﾠare	 ﾠdynamic	 ﾠbut	 ﾠhave	 ﾠdifferent	 ﾠtime	 ﾠscales,	 ﾠe.g.	 ﾠa	 ﾠbuilding	 ﾠcan	 ﾠchange	 ﾠits	 ﾠfunction	 ﾠseveral	 ﾠtimes	 ﾠover	 ﾠits	 ﾠlife	 ﾠcycle,	 ﾠthe	 ﾠsame	 ﾠfunction	 ﾠof	 ﾠa	 ﾠbuilding	 ﾠis	 ﾠused	 ﾠwith	 ﾠdifferent	 ﾠintensities	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠthe	 ﾠ
day	 ﾠetc.	 ﾠTherefore,	 ﾠwe	 ﾠinterpret	 ﾠthe	 ﾠterm	 ﾠ‘city’	 ﾠas	 ﾠa	 ﾠcomplex,	 ﾠdistributed,	 ﾠinterconnected	 ﾠand	 ﾠrapidly	 ﾠchanging	 ﾠsystem	 ﾠ
that	 ﾠcan	 ﾠbe	 ﾠunderstood	 ﾠas	 ﾠa	 ﾠfabric	 ﾠof	 ﾠspace	 ﾠdepending	 ﾠon	 ﾠa)	 ﾠpeople,	 ﾠb)	 ﾠfunction,	 ﾠc)	 ﾠspace,	 ﾠand	 ﾠd)	 ﾠphysical	 ﾠenvironment.	 ﾠ
Each	 ﾠaspect	 ﾠlisted	 ﾠabove	 ﾠis	 ﾠtypically	 ﾠunder	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠa	 ﾠnumber	 ﾠof	 ﾠvariables	 ﾠand	 ﾠforces.	 ﾠAs	 ﾠurban	 ﾠplanners,	 ﾠour	 ﾠ
aim	 ﾠis	 ﾠto	 ﾠtry	 ﾠto	 ﾠcontrol	 ﾠboth	 ﾠthe	 ﾠphysical	 ﾠlayout	 ﾠand	 ﾠthe	 ﾠfunction	 ﾠcontained	 ﾠin	 ﾠthe	 ﾠurban	 ﾠsystem.	 ﾠ
	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠa	 ﾠcomplex	 ﾠcity	 ﾠspace,	 ﾠthe	 ﾠpopulation	 ﾠmay	 ﾠeither	 ﾠaccept	 ﾠthe	 ﾠdesigners’	 ﾠwork	 ﾠor	 ﾠnot,	 ﾠbut	 ﾠonly	 ﾠits	 ﾠ
subsequent	 ﾠuse	 ﾠof	 ﾠthe	 ﾠdesigned	 ﾠurban	 ﾠspace	 ﾠwill	 ﾠshow	 ﾠwhether	 ﾠthe	 ﾠurban	 ﾠplan	 ﾠwas	 ﾠsuccessful.	 ﾠIn	 ﾠurban	 ﾠplanning	 ﾠ
there	 ﾠexist	 ﾠmany	 ﾠimportant	 ﾠcorrelations.	 ﾠThese	 ﾠcall	 ﾠfor	 ﾠa	 ﾠbalance,	 ﾠwhich	 ﾠmust	 ﾠbe	 ﾠreassessed	 ﾠconstantly.	 ﾠFor	 ﾠthis	 ﾠ
simulation	 ﾠwe	 ﾠare	 ﾠrequired	 ﾠa)	 ﾠto	 ﾠunderstand	 ﾠthe	 ﾠgiven	 ﾠsituation,	 ﾠb)	 ﾠto	 ﾠidentify	 ﾠthe	 ﾠnecessary	 ﾠsemantic	 ﾠmetadata	 ﾠand	 ﾠc)	 ﾠ
to	 ﾠincorporate	 ﾠthe	 ﾠinsights	 ﾠinto	 ﾠthe	 ﾠprocedural	 ﾠ3D	 ﾠmodel	 ﾠand	 ﾠthe	 ﾠagents’	 ﾠmodel.	 ﾠThe	 ﾠgoal	 ﾠis	 ﾠto	 ﾠestimate	 ﾠas	 ﾠaccurately	 ﾠ
as	 ﾠpossible	 ﾠthe	 ﾠacceptance	 ﾠof	 ﾠthe	 ﾠgiven	 ﾠconfiguration	 ﾠof	 ﾠa	 ﾠcity	 ﾠby	 ﾠthe	 ﾠusers.	 ﾠ	 ﾠ
4.1.  Density	 ﾠ
Urban	 ﾠdensities	 ﾠare	 ﾠunder	 ﾠconstant	 ﾠdiscussion	 ﾠ-ﾭ‐	 ﾠthe	 ﾠfactors	 ﾠby	 ﾠwhich	 ﾠto	 ﾠclassify	 ﾠdensity	 ﾠare	 ﾠnot	 ﾠfinally	 ﾠconcluded.	 ﾠIn	 ﾠ
addition,	 ﾠthe	 ﾠoutput	 ﾠvalue	 ﾠdoes	 ﾠnot	 ﾠhave	 ﾠa	 ﾠclear	 ﾠunit.	 ﾠSome	 ﾠurban	 ﾠplanners	 ﾠfind	 ﾠthat	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠoccupants	 ﾠper	 ﾠ
square	 ﾠkilometer	 ﾠis	 ﾠa	 ﾠuseful	 ﾠfigure.	 ﾠAnother	 ﾠuseful	 ﾠfigure	 ﾠmay	 ﾠbe	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠcars	 ﾠrecorded	 ﾠbetween	 ﾠurban	 ﾠcenters,	 ﾠ
but	 ﾠthese	 ﾠtwo	 ﾠfigures	 ﾠhave	 ﾠalready	 ﾠvery	 ﾠlittle	 ﾠcorrelation.	 ﾠTherefore,	 ﾠa	 ﾠmajor	 ﾠachievement	 ﾠwould	 ﾠbe	 ﾠa	 ﾠmetric	 ﾠ
correlation	 ﾠbetween	 ﾠthe	 ﾠbuilt	 ﾠenvironment,	 ﾠnumber	 ﾠof	 ﾠpeople	 ﾠand	 ﾠtraffic.	 ﾠOur	 ﾠcontribution	 ﾠis	 ﾠa	 ﾠfirst	 ﾠempiric	 ﾠ
explanation	 ﾠof	 ﾠthis	 ﾠcorrelation.	 ﾠWe	 ﾠuse	 ﾠthe	 ﾠexisting	 ﾠplots,	 ﾠwith	 ﾠthose	 ﾠbeing	 ﾠdeveloped,	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠpeople	 ﾠ
likely	 ﾠto	 ﾠbe	 ﾠoccupying	 ﾠthat	 ﾠarea.	 ﾠOther	 ﾠcalculation	 ﾠmethods,	 ﾠlike	 ﾠArnott	 ﾠand	 ﾠSmall	 ﾠ(1998),	 ﾠuse	 ﾠfunctions	 ﾠof	 ﾠthe	 ﾠdistance	 ﾠ
from	 ﾠa	 ﾠvirtual	 ﾠcentre	 ﾠor	 ﾠa	 ﾠgrid	 ﾠoverlaid	 ﾠon	 ﾠthe	 ﾠcity.	 ﾠThe	 ﾠ‘grid-ﾭ‐cell’	 ﾠand	 ﾠ‘virtual-ﾭ‐centre’-ﾭ‐method	 ﾠare	 ﾠrough,	 ﾠcontain	 ﾠan	 ﾠ
imprecision	 ﾠand	 ﾠonly	 ﾠproduce	 ﾠuseful	 ﾠresults	 ﾠin	 ﾠlarge	 ﾠmetropolitan	 ﾠareas.	 ﾠ
	 ﾠ
	 ﾠFIG.S	 ﾠ2:	 ﾠHuman	 ﾠLocator	 ﾠ(Input-ﾭOutput	 ﾠbased	 ﾠcalculation	 ﾠmethod	 ﾠfor	 ﾠthe	 ﾠprediction	 ﾠof	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠpeople	 ﾠcoming	 ﾠout	 ﾠof	 ﾠa	 ﾠbuilding).	 ﾠ
In	 ﾠour	 ﾠapproach	 ﾠ(Fig.	 ﾠ2),	 ﾠwe	 ﾠwant	 ﾠto	 ﾠknow	 ﾠhow	 ﾠmany	 ﾠpeople	 ﾠare	 ﾠcoming	 ﾠout	 ﾠof	 ﾠthe	 ﾠbuilding	 ﾠand	 ﾠare	 ﾠwalking	 ﾠthe	 ﾠ
streets.	 ﾠThere	 ﾠare	 ﾠseveral	 ﾠaspects	 ﾠinvolved;	 ﾠthree	 ﾠof	 ﾠthem	 ﾠhave	 ﾠa	 ﾠmajor	 ﾠinfluence:	 ﾠa)	 ﾠthe	 ﾠfloor	 ﾠsize	 ﾠof	 ﾠthe	 ﾠbuilding,	 ﾠb)	 ﾠ
the	 ﾠfunction	 ﾠand	 ﾠc)	 ﾠthe	 ﾠlocation	 ﾠof	 ﾠthe	 ﾠbuilding.	 ﾠThese	 ﾠfactors	 ﾠenable	 ﾠus	 ﾠto	 ﾠpredict	 ﾠhow	 ﾠmany	 ﾠpeople	 ﾠare	 ﾠcoming	 ﾠout	 ﾠof	 ﾠ
a	 ﾠbuilding	 ﾠat	 ﾠa	 ﾠcertain	 ﾠmoment	 ﾠin	 ﾠtime.	 ﾠThe	 ﾠstatistics	 ﾠis	 ﾠkey	 ﾠto	 ﾠcomprehensive	 ﾠresults,	 ﾠthe	 ﾠ‘Bundes	 ﾠAmt	 ﾠfür	 ﾠStatistik’	 ﾠof	 ﾠ
Switzerland	 ﾠprovided	 ﾠus	 ﾠwith	 ﾠthe	 ﾠstatistical	 ﾠinput	 ﾠdata	 ﾠof	 ﾠevery	 ﾠmunicipality	 ﾠin	 ﾠSwitzerland.	 ﾠThe	 ﾠlack	 ﾠof	 ﾠforeign	 ﾠdata	 ﾠis	 ﾠ
limiting	 ﾠour	 ﾠmethod	 ﾠto	 ﾠSwitzerland.	 ﾠ	 ﾠ
We	 ﾠused	 ﾠthe	 ﾠSwiss	 ﾠcensus	 ﾠdata	 ﾠby	 ﾠthe	 ﾠSwiss	 ﾠgovernment	 ﾠto	 ﾠdefine	 ﾠthe	 ﾠfloor	 ﾠspace	 ﾠper	 ﾠperson	 ﾠin	 ﾠa	 ﾠbuilding	 ﾠliving	 ﾠarea	 ﾠ
as	 ﾠwell	 ﾠas	 ﾠthe	 ﾠspace	 ﾠrequirements	 ﾠfor	 ﾠoffices	 ﾠand	 ﾠworkspaces.	 ﾠThe	 ﾠoverall	 ﾠnumber	 ﾠof	 ﾠoccupants	 ﾠis	 ﾠnot	 ﾠdecisive	 ﾠenough,	 ﾠ
only	 ﾠin	 ﾠcombination	 ﾠwith	 ﾠthe	 ﾠfluctuation	 ﾠover	 ﾠtime,	 ﾠit	 ﾠtells	 ﾠus	 ﾠhow	 ﾠmany	 ﾠpeople	 ﾠare	 ﾠmoving	 ﾠin	 ﾠand	 ﾠout	 ﾠof	 ﾠthe	 ﾠbuilding.	 ﾠ
We	 ﾠautomated	 ﾠthe	 ﾠcalculation	 ﾠand	 ﾠspecified	 ﾠit	 ﾠaccording	 ﾠto	 ﾠevery	 ﾠcommune	 ﾠin	 ﾠSwitzerland	 ﾠ(Diner,	 ﾠ2006).	 ﾠThis	 ﾠwas	 ﾠ
necessary	 ﾠdue	 ﾠto	 ﾠthe	 ﾠhigh	 ﾠdisparity	 ﾠof	 ﾠthe	 ﾠinput	 ﾠdata.	 ﾠFor	 ﾠresidential	 ﾠareas	 ﾠwe	 ﾠused	 ﾠthe	 ﾠfloor	 ﾠspace	 ﾠof	 ﾠthe	 ﾠapartments	 ﾠ
and	 ﾠdivided	 ﾠit	 ﾠby	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠresidents	 ﾠto	 ﾠget	 ﾠthe	 ﾠaverage	 ﾠspace	 ﾠavailable	 ﾠto	 ﾠevery	 ﾠresident.	 ﾠThe	 ﾠcombination	 ﾠof	 ﾠnet	 ﾠ
floor	 ﾠspace,	 ﾠspace	 ﾠavailable,	 ﾠlocation	 ﾠand	 ﾠthe	 ﾠfluctuation	 ﾠover	 ﾠtime	 ﾠallowed	 ﾠus	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠtraffic	 ﾠproduced	 ﾠby	 ﾠevery	 ﾠ
building.	 ﾠ	 ﾠThe	 ﾠavailable	 ﾠaverage	 ﾠfloor	 ﾠspace	 ﾠper	 ﾠresident	 ﾠvaries	 ﾠin	 ﾠSwiss	 ﾠcities	 ﾠfrom	 ﾠ35.5m2	 ﾠ(Zürich)	 ﾠto	 ﾠ55.7m2	 ﾠ
(Maisprach).	 ﾠBoth	 ﾠnumbers	 ﾠare	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠspace	 ﾠprovided	 ﾠfor	 ﾠoffice	 ﾠworkstations	 ﾠfrom	 ﾠa	 ﾠminimum	 ﾠ4.46m2	 ﾠfor	 ﾠ
secretarial	 ﾠworkstations	 ﾠto	 ﾠ27.89m2	 ﾠfor	 ﾠa	 ﾠvice-ﾭ‐president	 ﾠoffice.	 ﾠThis	 ﾠshows	 ﾠthat	 ﾠthe	 ﾠtraffic	 ﾠgenerated	 ﾠby	 ﾠoffice	 ﾠ
buildings	 ﾠis	 ﾠmuch	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠresidential	 ﾠbuildings	 ﾠin	 ﾠgeneral	 ﾠand	 ﾠis	 ﾠalso	 ﾠmore	 ﾠvolatile	 ﾠover	 ﾠtime.	 ﾠWe	 ﾠnote	 ﾠthat	 ﾠ
other	 ﾠplaces,	 ﾠsuch	 ﾠas	 ﾠrestaurants,	 ﾠcinemas	 ﾠas	 ﾠwell	 ﾠas	 ﾠhospitals,	 ﾠproduce	 ﾠeven	 ﾠhigher	 ﾠnumbers	 ﾠin	 ﾠtheir	 ﾠdaily	 ﾠoperation	 ﾠ
time	 ﾠpeaks,	 ﾠbut	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠpredefine	 ﾠthem.	 ﾠThe	 ﾠlimits	 ﾠof	 ﾠsuch	 ﾠautomated	 ﾠcalculation	 ﾠare	 ﾠreached	 ﾠin	 ﾠcases	 ﾠwhere	 ﾠ
the	 ﾠtraffic	 ﾠgenerated	 ﾠis	 ﾠnot	 ﾠa	 ﾠstable	 ﾠfunction,	 ﾠsuch	 ﾠas	 ﾠa	 ﾠstadium	 ﾠemptying	 ﾠitself	 ﾠwithin	 ﾠ30	 ﾠmin	 ﾠtwice	 ﾠa	 ﾠweek	 ﾠor	 ﾠwhen	 ﾠ
the	 ﾠnumber	 ﾠof	 ﾠbuildings	 ﾠis	 ﾠtoo	 ﾠsmall	 ﾠto	 ﾠbalance	 ﾠout	 ﾠthe	 ﾠstatistical	 ﾠimprecision.	 ﾠ4.2.  Urban	 ﾠEnvironment	 ﾠ
Most	 ﾠrecently,	 ﾠresearch	 ﾠin	 ﾠarchitecture	 ﾠ(and	 ﾠsubsequently	 ﾠcomputer	 ﾠgraphics)	 ﾠhas	 ﾠproduced	 ﾠa	 ﾠnumber	 ﾠof	 ﾠproduction	 ﾠ
systems	 ﾠfor	 ﾠarchitectural	 ﾠmodels,	 ﾠsuch	 ﾠas	 ﾠSemi-ﾭ‐Thue	 ﾠprocesses,	 ﾠChomsky	 ﾠgrammars,	 ﾠgraph	 ﾠgrammars,	 ﾠshape	 ﾠ
grammars,	 ﾠattributed	 ﾠgrammars,	 ﾠL-ﾭ‐systems	 ﾠor	 ﾠset	 ﾠgrammars	 ﾠ(Vanegas	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠAll	 ﾠof	 ﾠthese	 ﾠmethods	 ﾠexpose	 ﾠ
different	 ﾠapplication	 ﾠpossibilities	 ﾠand	 ﾠlevels	 ﾠof	 ﾠefficiency	 ﾠto	 ﾠthe	 ﾠuser.	 ﾠThe	 ﾠshape	 ﾠgrammar	 ﾠconcept	 ﾠhas	 ﾠrecently	 ﾠbeen	 ﾠ
made	 ﾠmore	 ﾠapplicable	 ﾠto	 ﾠcomputer	 ﾠgraphics	 ﾠand	 ﾠdaily	 ﾠusage	 ﾠ(Mueller	 ﾠet	 ﾠal.,	 ﾠ2006)	 ﾠand	 ﾠis	 ﾠnow	 ﾠcommercially	 ﾠavailable	 ﾠ
in	 ﾠthe	 ﾠsoftware	 ﾠpackage	 ﾠ“CityEngine”,	 ﾠwhich	 ﾠis	 ﾠused	 ﾠin	 ﾠthis	 ﾠpaper	 ﾠ(Procedural	 ﾠInc	 ﾠhttp://www.procedural.com).	 ﾠThe	 ﾠ
key	 ﾠtools	 ﾠof	 ﾠthe	 ﾠcontext-ﾭ‐sensitive	 ﾠshape	 ﾠgrammar	 ﾠas	 ﾠimplemented	 ﾠin	 ﾠthe	 ﾠCityEngine	 ﾠconsist	 ﾠof:	 ﾠshape	 ﾠoperations	 ﾠfor	 ﾠ
mass	 ﾠmodeling,	 ﾠcomponent	 ﾠsplits	 ﾠfor	 ﾠtransition	 ﾠbetween	 ﾠmass	 ﾠand	 ﾠfacade,	 ﾠsplit	 ﾠoperations	 ﾠfor	 ﾠbuilding	 ﾠfacades	 ﾠand	 ﾠ
spatial	 ﾠquery	 ﾠoperations	 ﾠand	 ﾠspatial	 ﾠquery	 ﾠoperations.	 ﾠ	 ﾠ
The	 ﾠworkflow	 ﾠto	 ﾠcreate	 ﾠa	 ﾠvirtual	 ﾠurban	 ﾠmodel	 ﾠfor	 ﾠcrowd	 ﾠsimulation	 ﾠis	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠworkflow	 ﾠused	 ﾠby	 ﾠarchitects	 ﾠin	 ﾠ
urban	 ﾠplanning.	 ﾠBased	 ﾠon	 ﾠa	 ﾠnumber	 ﾠof	 ﾠmaps	 ﾠ(color-ﾭ‐coded	 ﾠimages,	 ﾠraster	 ﾠdata	 ﾠor	 ﾠvector	 ﾠmaps)	 ﾠparametric	 ﾠrules	 ﾠare	 ﾠ
triggered	 ﾠto	 ﾠcreate	 ﾠstreet-ﾭ‐networks	 ﾠand	 ﾠrough	 ﾠvolumetric	 ﾠmodels	 ﾠof	 ﾠthe	 ﾠbuildings.	 ﾠThese	 ﾠvolumes	 ﾠare	 ﾠused	 ﾠto	 ﾠ
distribute	 ﾠurban	 ﾠfunctions	 ﾠand	 ﾠbuilding	 ﾠdensity	 ﾠand	 ﾠto	 ﾠguide	 ﾠthe	 ﾠagent	 ﾠnavigation	 ﾠas	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠprevious	 ﾠsection.	 ﾠ
Based	 ﾠon	 ﾠthese	 ﾠrough	 ﾠbuilding	 ﾠvolumes,	 ﾠwe	 ﾠcreate	 ﾠthe	 ﾠfinal	 ﾠdetailed	 ﾠgeometry	 ﾠneeded	 ﾠfor	 ﾠvisualization	 ﾠand	 ﾠthe	 ﾠlow-ﾭ‐
polygon	 ﾠgeometry	 ﾠused	 ﾠin	 ﾠsimulation.	 ﾠThe	 ﾠoriginal	 ﾠaspect	 ﾠof	 ﾠour	 ﾠworkflow	 ﾠis	 ﾠthe	 ﾠuse	 ﾠof	 ﾠprocedural	 ﾠmodeling	 ﾠto	 ﾠ
automate	 ﾠthe	 ﾠcreation	 ﾠof	 ﾠstreet	 ﾠnetworks	 ﾠand	 ﾠbuilding	 ﾠgeometries.	 ﾠA	 ﾠbig	 ﾠadvantage	 ﾠof	 ﾠthis	 ﾠis	 ﾠthe	 ﾠadaptability	 ﾠ-ﾭ‐	 ﾠthe	 ﾠ
urban	 ﾠenvironment	 ﾠis	 ﾠable	 ﾠto	 ﾠchange	 ﾠfor	 ﾠeach	 ﾠsimulation	 ﾠwithout	 ﾠredrawing	 ﾠfrom	 ﾠscratch.	 ﾠWe	 ﾠautomatically	 ﾠexport	 ﾠ
the	 ﾠdata	 ﾠset	 ﾠfor	 ﾠthe	 ﾠsimulation	 ﾠand	 ﾠthe	 ﾠvisualization,	 ﾠwhich	 ﾠdiffer	 ﾠradically	 ﾠfrom	 ﾠone	 ﾠanother.	 ﾠThey	 ﾠboth	 ﾠare	 ﾠstored	 ﾠ
inside	 ﾠthe	 ﾠsame	 ﾠprocedural	 ﾠscene	 ﾠdescription	 ﾠand	 ﾠwill	 ﾠtherefore	 ﾠalways	 ﾠbe	 ﾠin	 ﾠsync.	 ﾠThe	 ﾠfollowing	 ﾠsections	 ﾠdescribe	 ﾠ
our	 ﾠworkflow	 ﾠin	 ﾠmore	 ﾠdetail.	 ﾠ
4.2.1. Creating	 ﾠthe	 ﾠUrban	 ﾠLayout	 ﾠ
We	 ﾠuse	 ﾠa	 ﾠfictional	 ﾠscenario	 ﾠin	 ﾠthe	 ﾠarea	 ﾠof	 ﾠZurich,	 ﾠSwitzerland,	 ﾠto	 ﾠdescribe	 ﾠour	 ﾠworkflow.	 ﾠIn	 ﾠthis	 ﾠexample,	 ﾠwe	 ﾠuse	 ﾠ
different	 ﾠmaps	 ﾠ(Fig.	 ﾠ3)	 ﾠto	 ﾠencode	 ﾠaspects	 ﾠof	 ﾠthe	 ﾠurban	 ﾠlayout	 ﾠ(e.g.	 ﾠtopography,	 ﾠelevation,	 ﾠobstacles,	 ﾠskyline,	 ﾠland	 ﾠ
usage).	 ﾠTo	 ﾠcreate	 ﾠthe	 ﾠstreet	 ﾠnetwork,	 ﾠwe	 ﾠhave	 ﾠtwo	 ﾠoptions:	 ﾠ(1)	 ﾠgenerate	 ﾠa	 ﾠgeneric,	 ﾠprocedural	 ﾠ(i.e.	 ﾠrule-ﾭ‐based)	 ﾠ
network	 ﾠwhich	 ﾠfollows	 ﾠthe	 ﾠattribute	 ﾠmaps	 ﾠ(e.g.	 ﾠalong	 ﾠthe	 ﾠcolor	 ﾠgradients)	 ﾠor	 ﾠ(2)	 ﾠimport	 ﾠa	 ﾠnetwork	 ﾠfrom	 ﾠa	 ﾠvector	 ﾠdata	 ﾠ
source	 ﾠ(e.g.	 ﾠfrom	 ﾠopenstreetmap.org).	 ﾠFor	 ﾠsimplicity,	 ﾠwe	 ﾠuse	 ﾠa	 ﾠgeneric	 ﾠstreet	 ﾠnetwork.	 ﾠThe	 ﾠalgorithm	 ﾠis	 ﾠan	 ﾠextension	 ﾠof	 ﾠ
the	 ﾠL-ﾭ‐system	 ﾠbased	 ﾠstreet	 ﾠnetwork	 ﾠgenerator	 ﾠdescribed	 ﾠin	 ﾠParish	 ﾠand	 ﾠMueller	 ﾠ(2001).	 ﾠThe	 ﾠbuilding	 ﾠplots	 ﾠcan	 ﾠbe	 ﾠ
created	 ﾠin	 ﾠa	 ﾠsimilar	 ﾠway:	 ﾠ(1)	 ﾠby	 ﾠa	 ﾠgeneric	 ﾠsubdivision	 ﾠalgorithm	 ﾠor	 ﾠ(2)	 ﾠby	 ﾠimporting	 ﾠa	 ﾠvector	 ﾠdata	 ﾠsource.	 ﾠAgain,	 ﾠwe	 ﾠ
show	 ﾠgeneric	 ﾠparcels	 ﾠ,	 ﾠalso	 ﾠcreated	 ﾠwith	 ﾠthe	 ﾠalgorithm	 ﾠdescribed	 ﾠby	 ﾠParish	 ﾠand	 ﾠMueller	 ﾠ(2001).	 ﾠOnce	 ﾠthe	 ﾠbuilding	 ﾠ
parcels	 ﾠhave	 ﾠbeen	 ﾠgenerated,	 ﾠprocedural	 ﾠrules	 ﾠcan	 ﾠbe	 ﾠapplied	 ﾠto	 ﾠcreate	 ﾠthe	 ﾠbuilding	 ﾠand	 ﾠthe	 ﾠstreet	 ﾠgeometry.	 ﾠ
	 ﾠ
FIG.	 ﾠ3:	 ﾠColour-ﾭ‐coded	 ﾠattribute	 ﾠmaps	 ﾠare	 ﾠused	 ﾠto	 ﾠcontrol	 ﾠthe	 ﾠgeneration	 ﾠof	 ﾠstreet-ﾭ‐networks	 ﾠand	 ﾠbuilding	 ﾠgeometries.	 ﾠa)	 ﾠtopology	 ﾠ
b)obstacles	 ﾠc)	 ﾠheight	 ﾠmap	 ﾠd)	 ﾠbuilding	 ﾠheights	 ﾠ(skyline).	 ﾠ	 ﾠ
4.2.2. Procedural	 ﾠModeling	 ﾠusing	 ﾠShape	 ﾠGrammars	 ﾠ
We	 ﾠnow	 ﾠshow	 ﾠhow	 ﾠthe	 ﾠshape	 ﾠgrammar,	 ﾠas	 ﾠimplemented	 ﾠin	 ﾠthe	 ﾠCityEngine,	 ﾠis	 ﾠused	 ﾠto	 ﾠmodel	 ﾠsome	 ﾠsimple	 ﾠbuilding	 ﾠ
volumes	 ﾠfor	 ﾠthe	 ﾠZurich	 ﾠscene.	 ﾠEach	 ﾠbuilding	 ﾠlot	 ﾠ(parcel)	 ﾠis	 ﾠassigned	 ﾠa	 ﾠshape	 ﾠgrammar	 ﾠrule	 ﾠset.	 ﾠA	 ﾠrule	 ﾠset	 ﾠconsists	 ﾠof	 ﾠ
production	 ﾠstatements	 ﾠin	 ﾠthe	 ﾠform	 ﾠ(Figure	 ﾠ4):	 ﾠ	 ﾠ
Predecessor	 ﾠ→	 ﾠ[case	 ﾠCondition1:]	 ﾠSuccessors	 ﾠ1	 ﾠ[case	 ﾠCondition2:]	 ﾠSuccessors	 ﾠ2	 ﾠ[else:]	 ﾠSuccessor	 ﾠN	 ﾠ	 ﾠ	 ﾠ
// get building height from the “skyline” map 
// intensity values of the red-channel are linearly mapped from 
0..1 → 10..200 
attr height = map_01(red, 10.0, 200.0) 
// the first rule checks for rectangularity 
Lot --> case geometry.isRectangular(10) : 
case scope.sx-10 < scope.sz && scope.sx+10 > 
scope.sz:  
RectQuad(height) 
else: … other rules …  
else: … other rules …  
// scale the building and center it on the lot 
RectQuad(h) --> s('.8,'1,'.8) center(xz) extrude("y", h) UShaped  
// divide along the x axis into two wings 
UShaped --> split(x){'rand(.3,.5): Facades | ~1: SideWings}  
// subdivide again along the other horizontal axis 
SideWings --> split(z){'rand(.3,.45): SideWing | ~1: NIL | 'rand(.3,.45): SideWing}  
SideWing --> 30% : Facades 
30% : split(x){ 
'rand(0.2,0.8) : Facades}  
else : 
s('1,'rand(0.2,0.9),'1) Facades 
// the generation stops with the 'Facades' shape	 ﾠ
	 ﾠ
Left:	 ﾠFIG.	 ﾠ4.	 ﾠA	 ﾠsimple	 ﾠU-ﾭshaped	 ﾠmass	 ﾠmodel	 ﾠconsisting	 ﾠof	 ﾠthree	 ﾠvolumes	 ﾠ(shapes).	 ﾠ
Right:	 ﾠListing	 ﾠ1.	 ﾠThis	 ﾠ"CGA	 ﾠshape"	 ﾠsource	 ﾠcode	 ﾠproduces	 ﾠsimple	 ﾠU-ﾭshaped	 ﾠmass	 ﾠmodels	 ﾠconsisting	 ﾠof	 ﾠthree	 ﾠshapes.	 ﾠSome	 ﾠparts	 ﾠhave	 ﾠbeen	 ﾠ
omitted	 ﾠfor	 ﾠsimplicity.	 ﾠ
With	 ﾠthis	 ﾠthe	 ﾠsuccessors	 ﾠcan	 ﾠbe	 ﾠcomposed	 ﾠof	 ﾠseveral	 ﾠshape	 ﾠoperations	 ﾠand	 ﾠquery	 ﾠstatements.	 ﾠListing	 ﾠ1	 ﾠcontains	 ﾠa	 ﾠ
small	 ﾠrule	 ﾠset	 ﾠexample	 ﾠand	 ﾠFigure	 ﾠ4	 ﾠshows	 ﾠa	 ﾠpossible	 ﾠresult.	 ﾠFigure	 ﾠ5	 ﾠshows	 ﾠthe	 ﾠresult	 ﾠof	 ﾠthe	 ﾠapplication	 ﾠof	 ﾠthe	 ﾠ
example	 ﾠrule	 ﾠset	 ﾠexample	 ﾠto	 ﾠthe	 ﾠcomplete	 ﾠscene.	 ﾠ
	 ﾠ
FIG.S	 ﾠ5:	 ﾠOn	 ﾠthe	 ﾠleft,	 ﾠthe	 ﾠresulting	 ﾠscene	 ﾠis	 ﾠshown	 ﾠwith	 ﾠthe	 ﾠsame	 ﾠsimple	 ﾠset	 ﾠof	 ﾠshape	 ﾠgrammar	 ﾠrules	 ﾠapplied	 ﾠto	 ﾠall	 ﾠbuilding	 ﾠlots.	 ﾠThe	 ﾠfigure	 ﾠ
on	 ﾠthe	 ﾠright	 ﾠshows	 ﾠa	 ﾠclose-ﾭup	 ﾠof	 ﾠthe	 ﾠhigh-ﾭrise	 ﾠarea	 ﾠin	 ﾠthe	 ﾠcenter.	 ﾠ	 ﾠ
5.  Generation	 ﾠof	 ﾠthe	 ﾠControl	 ﾠData	 ﾠfor	 ﾠCrowd	 ﾠSimulation	 ﾠ
As	 ﾠdetailed	 ﾠlater	 ﾠin	 ﾠSection	 ﾠ6.2,	 ﾠour	 ﾠcrowd-ﾭ‐simulation-ﾭ‐setup	 ﾠneeds	 ﾠfour	 ﾠtypes	 ﾠof	 ﾠinput	 ﾠfrom	 ﾠthe	 ﾠcity	 ﾠmodel	 ﾠto	 ﾠinitiate	 ﾠ
the	 ﾠsimulation:	 ﾠ	 ﾠ
1.	 ﾠSimplified	 ﾠbuilding	 ﾠand	 ﾠstreet	 ﾠgeometry	 ﾠto	 ﾠvisually	 ﾠguide	 ﾠthe	 ﾠagents	 ﾠin	 ﾠorder	 ﾠto	 ﾠprevent	 ﾠcollisions.	 ﾠ	 ﾠ
2.	 ﾠLocators	 ﾠfor	 ﾠinitial	 ﾠagent	 ﾠplacement	 ﾠand	 ﾠpoints	 ﾠof	 ﾠinterest	 ﾠto	 ﾠimplement	 ﾠbuilding	 ﾠfunctions.	 ﾠ	 ﾠ
3.	 ﾠDirected	 ﾠcolored	 ﾠstreet	 ﾠlanes	 ﾠto	 ﾠguide	 ﾠcars	 ﾠand	 ﾠbuses.	 ﾠ
4.	 ﾠTerrain	 ﾠgeometry	 ﾠwith	 ﾠa	 ﾠtexture	 ﾠmap	 ﾠwhere	 ﾠadditional	 ﾠcolor-ﾭ‐coded	 ﾠcontrol	 ﾠdata	 ﾠis	 ﾠstored.	 ﾠFor	 ﾠexample,	 ﾠwe	 ﾠare	 ﾠ
using	 ﾠcolor	 ﾠintensity	 ﾠin	 ﾠthe	 ﾠdoor	 ﾠareas	 ﾠto	 ﾠencode	 ﾠthe	 ﾠcapacity	 ﾠand	 ﾠfunction	 ﾠof	 ﾠa	 ﾠcertain	 ﾠbuilding.	 ﾠ	 ﾠWe	 ﾠdescribe	 ﾠhere	 ﾠhow	 ﾠthese	 ﾠchannels	 ﾠare	 ﾠderived	 ﾠfrom	 ﾠthe	 ﾠprocedural	 ﾠurban	 ﾠmodel.	 ﾠIn	 ﾠother	 ﾠwords,	 ﾠwe	 ﾠneed	 ﾠto	 ﾠ
extend	 ﾠour	 ﾠgrammar	 ﾠrule	 ﾠset	 ﾠwith	 ﾠan	 ﾠoptional	 ﾠset	 ﾠof	 ﾠrules,	 ﾠwhich	 ﾠtrigger	 ﾠthe	 ﾠgeneration	 ﾠof	 ﾠcontrol	 ﾠdata	 ﾠfor	 ﾠthe	 ﾠ
simulation.	 ﾠ
	 ﾠ
FIG.	 ﾠ6:	 ﾠIllustration	 ﾠof	 ﾠthe	 ﾠdata-ﾭflow	 ﾠbetween	 ﾠthe	 ﾠCityEngine	 ﾠ(left)	 ﾠand	 ﾠthe	 ﾠcrowd	 ﾠsimulation	 ﾠtool	 ﾠ(right).	 ﾠNote	 ﾠthat	 ﾠall	 ﾠthe	 ﾠnecessary	 ﾠinput	 ﾠ
data	 ﾠto	 ﾠthe	 ﾠsimulation	 ﾠhave	 ﾠbeen	 ﾠgenerated	 ﾠautomatically	 ﾠfrom	 ﾠa	 ﾠsingle	 ﾠgrammar	 ﾠrule	 ﾠset.	 ﾠ	 ﾠ
An	 ﾠexport	 ﾠalgorithm	 ﾠis	 ﾠdeveloped	 ﾠwithin	 ﾠthe	 ﾠCityEngine	 ﾠwhich	 ﾠscans	 ﾠthe	 ﾠnames	 ﾠof	 ﾠthe	 ﾠterminal	 ﾠshapes	 ﾠof	 ﾠthe	 ﾠgrammar	 ﾠ
generation	 ﾠprocess	 ﾠ(in	 ﾠthe	 ﾠU-ﾭ‐shaped	 ﾠbuilding	 ﾠexample	 ﾠabove	 ﾠthese	 ﾠwere	 ﾠcalled	 ﾠ'Facades')	 ﾠand	 ﾠtriggers	 ﾠthe	 ﾠcreation	 ﾠof	 ﾠ
one	 ﾠof	 ﾠthe	 ﾠinput	 ﾠdata	 ﾠtypes	 ﾠfor	 ﾠthe	 ﾠcrowd	 ﾠsimulation	 ﾠbased	 ﾠon	 ﾠa	 ﾠset	 ﾠof	 ﾠname	 ﾠpatterns.	 ﾠFor	 ﾠa	 ﾠtypical	 ﾠagent	 ﾠsimulation	 ﾠ
scenario	 ﾠthe	 ﾠrelevant	 ﾠterminal	 ﾠshapes	 ﾠare	 ﾠusually	 ﾠcalled	 ﾠ'door',	 ﾠ'window',	 ﾠ'sidewalk',	 ﾠ‘street	 ﾠlanes’	 ﾠetc.	 ﾠFigure	 ﾠ6	 ﾠdepicts	 ﾠ
the	 ﾠdata-ﾭ‐flow	 ﾠbetween	 ﾠthe	 ﾠCityEngine	 ﾠand	 ﾠthe	 ﾠcrowd	 ﾠsimulation	 ﾠtool.	 ﾠThe	 ﾠnecessary	 ﾠmodifications	 ﾠto	 ﾠan	 ﾠexisting	 ﾠ
grammar	 ﾠrule	 ﾠare:	 ﾠ
•  Based	 ﾠon	 ﾠthe	 ﾠsimulation	 ﾠscenario	 ﾠand	 ﾠthe	 ﾠsimulation	 ﾠtool	 ﾠ(in	 ﾠour	 ﾠcase	 ﾠ“Massive”),	 ﾠchoose	 ﾠthe	 ﾠappropriate	 ﾠ
control	 ﾠfeatures	 ﾠ(vision,	 ﾠsound,	 ﾠcolors,	 ﾠvector	 ﾠfields,	 ﾠetc.)	 ﾠto	 ﾠtrigger	 ﾠcertain	 ﾠactions	 ﾠof	 ﾠthe	 ﾠagent	 ﾠ(walk,	 ﾠstand,	 ﾠ
wait,	 ﾠetc.).	 ﾠ
•  Identify	 ﾠthe	 ﾠparts	 ﾠof	 ﾠthe	 ﾠurban	 ﾠenvironment	 ﾠwith	 ﾠwhich	 ﾠthe	 ﾠcrowd	 ﾠagents	 ﾠinteract	 ﾠ(e.g.	 ﾠdoors,	 ﾠ	 ﾠsidewalks	 ﾠetc)	 ﾠ
•  Introduce	 ﾠrules,	 ﾠwhich	 ﾠtrigger	 ﾠcertain	 ﾠsimulation	 ﾠfeatures	 ﾠnot	 ﾠnecessarily	 ﾠvisible	 ﾠwhen	 ﾠrendering	 ﾠthe	 ﾠscene	 ﾠ
(e.g.	 ﾠa	 ﾠlocator	 ﾠon	 ﾠthe	 ﾠbottom	 ﾠface	 ﾠof	 ﾠa	 ﾠbuilding	 ﾠentrance).	 ﾠThe	 ﾠmain	 ﾠidea	 ﾠis	 ﾠto	 ﾠmake	 ﾠthese	 ﾠrules	 ﾠconditional	 ﾠon	 ﾠ
a	 ﾠrule	 ﾠattribute	 ﾠto	 ﾠbe	 ﾠable	 ﾠto	 ﾠcomfortably	 ﾠswitch	 ﾠbetween	 ﾠmodel	 ﾠgeneration	 ﾠfor	 ﾠvisualization	 ﾠand	 ﾠmodel	 ﾠ
generation	 ﾠfor	 ﾠsimulation.	 ﾠ
•  Also	 ﾠintroduce	 ﾠconditional	 ﾠrules	 ﾠto	 ﾠdeactivate	 ﾠall	 ﾠgeometry	 ﾠnot	 ﾠneeded	 ﾠin	 ﾠthe	 ﾠcrowd	 ﾠsimulation.	 ﾠ
For	 ﾠour	 ﾠfinal	 ﾠresults,	 ﾠthe	 ﾠpreviously	 ﾠmentioned	 ﾠmodifications	 ﾠresulted	 ﾠin	 ﾠthe	 ﾠfollowing	 ﾠcontrol	 ﾠdata	 ﾠfor	 ﾠthe	 ﾠsimulation	 ﾠ
readable	 ﾠby	 ﾠthe	 ﾠagents:	 ﾠ	 ﾠ
•  Spline	 ﾠsegments	 ﾠfor	 ﾠstreet	 ﾠlanes	 ﾠand	 ﾠturnings	 ﾠon	 ﾠcrossings.	 ﾠWe	 ﾠuse	 ﾠthe	 ﾠunderlying	 ﾠstreet	 ﾠgraph	 ﾠconnectivity	 ﾠ
to	 ﾠconnect	 ﾠdifferent	 ﾠstreet	 ﾠlanes	 ﾠon	 ﾠcrossings.	 ﾠ
•  Locators	 ﾠfor	 ﾠagent	 ﾠsources:	 ﾠall	 ﾠterminal	 ﾠshapes	 ﾠcalled	 ﾠ'door'	 ﾠtrigger	 ﾠthe	 ﾠgeneration	 ﾠof	 ﾠa	 ﾠlocator	 ﾠand	 ﾠa	 ﾠcolor	 ﾠon	 ﾠ
the	 ﾠbottom-ﾭ‐face	 ﾠof	 ﾠthe	 ﾠdoors.	 ﾠThe	 ﾠcolor	 ﾠis	 ﾠused	 ﾠto	 ﾠencode	 ﾠthe	 ﾠamount	 ﾠof	 ﾠagents	 ﾠemitted	 ﾠfrom	 ﾠthis	 ﾠdoor.	 ﾠ	 ﾠ
•  Locators	 ﾠfor	 ﾠpoints-ﾭ‐of-ﾭ‐interest	 ﾠ(POI):	 ﾠthe	 ﾠdoors	 ﾠalso	 ﾠtrigger	 ﾠa	 ﾠsound	 ﾠsource,	 ﾠwhich	 ﾠis	 ﾠconnected	 ﾠto	 ﾠit	 ﾠto	 ﾠattract	 ﾠ
agents.	 ﾠWe	 ﾠdistributed	 ﾠ10	 ﾠdifferent	 ﾠfrequencies	 ﾠfor	 ﾠthe	 ﾠten	 ﾠdifferent	 ﾠPOINTS-ﾭ‐OF-ﾭ‐INTERESST	 ﾠs	 ﾠ(POI0,…,POI9)	 ﾠ
according	 ﾠto	 ﾠthe	 ﾠmaster	 ﾠplan.	 ﾠIf	 ﾠnecessary,	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠPOINTS-ﾭ‐OF-ﾭ‐INTERESST	 ﾠs	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠ
controlled	 ﾠby	 ﾠgrammar	 ﾠrules.	 ﾠ	 ﾠ
•  Locators	 ﾠfor	 ﾠ“background”	 ﾠagent	 ﾠsources:	 ﾠthe	 ﾠshape	 ﾠgrammar	 ﾠsplits	 ﾠthe	 ﾠsidewalks	 ﾠinto	 ﾠsmall	 ﾠstripes	 ﾠand	 ﾠ
assigns	 ﾠagent	 ﾠsources	 ﾠto	 ﾠthem	 ﾠaccording	 ﾠto	 ﾠa	 ﾠcertain	 ﾠprobability	 ﾠ(see	 ﾠFigure	 ﾠ7).	 ﾠ	 ﾠ
	 ﾠ
FIG.	 ﾠ7:	 ﾠFrom	 ﾠleft	 ﾠto	 ﾠright:	 ﾠ(1)	 ﾠDetailed	 ﾠgeometry	 ﾠused	 ﾠfor	 ﾠvisualization.	 ﾠ(2)	 ﾠThe	 ﾠrough	 ﾠvolumes	 ﾠused	 ﾠfor	 ﾠagent	 ﾠvision	 ﾠin	 ﾠthe	 ﾠsimulation.	 ﾠ(3)	 ﾠ
The	 ﾠblue/red	 ﾠmarked	 ﾠareas	 ﾠshow	 ﾠthe	 ﾠ'door'	 ﾠterminal	 ﾠshapes	 ﾠused	 ﾠto	 ﾠgenerate	 ﾠagent	 ﾠsource	 ﾠlocators.	 ﾠ(4)	 ﾠVolumes	 ﾠ(gray),	 ﾠcolor-ﾭcode	 ﾠ(red)	 ﾠ
and	 ﾠlocators	 ﾠ(yellow)	 ﾠimported	 ﾠinto	 ﾠthe	 ﾠsimulation	 ﾠtool	 ﾠ("Massive").	 ﾠ6.  Agents	 ﾠ
In	 ﾠorder	 ﾠto	 ﾠtest	 ﾠthe	 ﾠpracticality	 ﾠof	 ﾠthe	 ﾠmodeled	 ﾠsemantic	 ﾠ3D	 ﾠcity	 ﾠmodels,	 ﾠthe	 ﾠagent-ﾭ‐based	 ﾠsimulation	 ﾠis	 ﾠconducted	 ﾠwith	 ﾠ
agents	 ﾠrepresenting	 ﾠpedestrians,	 ﾠbuildings,	 ﾠcars	 ﾠand	 ﾠmass	 ﾠtransit.	 ﾠEvery	 ﾠagent	 ﾠrepresents	 ﾠa	 ﾠmeasuring	 ﾠdevice	 ﾠof	 ﾠthe	 ﾠ
city,	 ﾠusing	 ﾠits	 ﾠperceptive	 ﾠchannels	 ﾠto	 ﾠlearn	 ﾠabout	 ﾠthe	 ﾠenvironment	 ﾠand	 ﾠthe	 ﾠartificial	 ﾠbrain	 ﾠto	 ﾠprocess	 ﾠit	 ﾠand	 ﾠgive	 ﾠus	 ﾠ
information	 ﾠabout	 ﾠthe	 ﾠpath	 ﾠit	 ﾠtook.	 ﾠThe	 ﾠagents	 ﾠconsist	 ﾠof	 ﾠperceptual,	 ﾠbehavioral	 ﾠand	 ﾠcognitive	 ﾠcomponents	 ﾠin	 ﾠ
combination	 ﾠwith	 ﾠa	 ﾠphysical	 ﾠbody	 ﾠto	 ﾠevaluate	 ﾠthe	 ﾠpracticality	 ﾠof	 ﾠour	 ﾠdesign	 ﾠand	 ﾠits	 ﾠcorrelating	 ﾠsemantic	 ﾠ3D	 ﾠcity	 ﾠmodel.	 ﾠ
The	 ﾠagents	 ﾠhave	 ﾠperceptive	 ﾠchannels	 ﾠand	 ﾠare	 ﾠable	 ﾠto	 ﾠsee	 ﾠand	 ﾠhear	 ﾠtheir	 ﾠenvironment	 ﾠand	 ﾠread	 ﾠinformation	 ﾠthat	 ﾠhas	 ﾠ
been	 ﾠ‘written’	 ﾠto	 ﾠthe	 ﾠground	 ﾠof	 ﾠthe	 ﾠ3D	 ﾠenvironment	 ﾠin	 ﾠa	 ﾠcolor	 ﾠmap	 ﾠor	 ﾠcolored	 ﾠlanes.	 ﾠThese	 ﾠabilities	 ﾠare	 ﾠprocessed	 ﾠ
inside	 ﾠthe	 ﾠartificial	 ﾠintelligence	 ﾠfor	 ﾠeach	 ﾠindividual	 ﾠagent	 ﾠat	 ﾠevery	 ﾠinstance	 ﾠ(25	 ﾠfps).	 ﾠAccording	 ﾠto	 ﾠtheir	 ﾠevaluation	 ﾠthey	 ﾠ
emit	 ﾠsound,	 ﾠtag	 ﾠthe	 ﾠground	 ﾠand	 ﾠchange	 ﾠtheir	 ﾠcolor.	 ﾠThis	 ﾠenables	 ﾠagents	 ﾠto	 ﾠinteract	 ﾠwith	 ﾠtheir	 ﾠsurrounding,	 ﾠtheir	 ﾠbuilt	 ﾠ
environment	 ﾠas	 ﾠwell	 ﾠas	 ﾠwith	 ﾠother	 ﾠagents.	 ﾠThey	 ﾠinteract	 ﾠindividually	 ﾠin	 ﾠa	 ﾠdynamic	 ﾠway	 ﾠ(e.g.	 ﾠbuilding-ﾭ‐agents	 ﾠlose	 ﾠtheir	 ﾠ
attraction	 ﾠfor	 ﾠcars	 ﾠand	 ﾠpedestrians	 ﾠtemporarily	 ﾠif	 ﾠthey	 ﾠreached	 ﾠtheir	 ﾠcapacity).	 ﾠA	 ﾠsecondary-ﾭ‐level	 ﾠof	 ﾠinteraction	 ﾠis	 ﾠ
needed	 ﾠin	 ﾠsome	 ﾠcases	 ﾠlike	 ﾠbetween	 ﾠbuses	 ﾠand	 ﾠpedestrians	 ﾠa	 ﾠbus	 ﾠstop	 ﾠindicates	 ﾠwhether	 ﾠa	 ﾠpedestrian-ﾭ‐agent	 ﾠis	 ﾠwaiting.	 ﾠ	 ﾠ
6.1.  Sensory	 ﾠChannels	 ﾠfor	 ﾠPerception	 ﾠ
We	 ﾠare	 ﾠusing	 ﾠmultiple	 ﾠsensors	 ﾠas	 ﾠreceptors	 ﾠfor	 ﾠeach	 ﾠagent	 ﾠto	 ﾠunderstand	 ﾠits	 ﾠenvironment.	 ﾠLike	 ﾠhumans	 ﾠthe	 ﾠagents	 ﾠ
have	 ﾠa	 ﾠlimited	 ﾠset	 ﾠof	 ﾠsenses	 ﾠthrough	 ﾠwhich	 ﾠto	 ﾠexperience	 ﾠthe	 ﾠenvironment.	 ﾠThe	 ﾠfollowing	 ﾠsteps	 ﾠof	 ﾠfiltering,	 ﾠselection,	 ﾠ
rating	 ﾠand	 ﾠsimplification	 ﾠhave	 ﾠbeen	 ﾠincorporated	 ﾠinto	 ﾠeach	 ﾠagent's	 ﾠartificial	 ﾠintelligence	 ﾠto	 ﾠenable	 ﾠit	 ﾠto	 ﾠoperate	 ﾠwithin	 ﾠ
and	 ﾠinteract	 ﾠwith	 ﾠtheir	 ﾠsurroundings:	 ﾠ	 ﾠ
Vision:	 ﾠThe	 ﾠvision	 ﾠmeasures	 ﾠthe	 ﾠdistance	 ﾠand	 ﾠorientation	 ﾠfrom	 ﾠa	 ﾠsection	 ﾠof	 ﾠthe	 ﾠagent	 ﾠ(e.g.	 ﾠheag)	 ﾠtowards	 ﾠall	 ﾠ
geometries	 ﾠaround	 ﾠit	 ﾠand	 ﾠdefines	 ﾠtheir	 ﾠcolor.	 ﾠSome	 ﾠagents	 ﾠare	 ﾠusing	 ﾠvision	 ﾠfor	 ﾠcollision	 ﾠdetection.	 ﾠThe	 ﾠdefinition	 ﾠof	 ﾠ
distance	 ﾠ(vision.z)	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠagent’s	 ﾠdirection	 ﾠ(vision.x)	 ﾠand	 ﾠheight	 ﾠ(vision.y)	 ﾠin	 ﾠcombination	 ﾠwith	 ﾠthe	 ﾠcolor	 ﾠ
(vision.h)	 ﾠof	 ﾠan	 ﾠobject	 ﾠor	 ﾠother	 ﾠagent	 ﾠallows	 ﾠthe	 ﾠagent	 ﾠto	 ﾠdefine	 ﾠif	 ﾠthis	 ﾠis	 ﾠa	 ﾠthreat	 ﾠor	 ﾠnot.	 ﾠ	 ﾠ
Sound:	 ﾠSound	 ﾠalways	 ﾠcarries	 ﾠa	 ﾠfrequency	 ﾠand	 ﾠis	 ﾠlimited	 ﾠto	 ﾠa	 ﾠdistance.	 ﾠEach	 ﾠagent	 ﾠwho	 ﾠperceives	 ﾠthe	 ﾠsound	 ﾠis	 ﾠable	 ﾠto	 ﾠ
determine	 ﾠthe	 ﾠdirection	 ﾠ(sound.x),	 ﾠdistance	 ﾠ(sound.d),	 ﾠfrequency	 ﾠ(sound.f)	 ﾠand	 ﾠemission	 ﾠradius	 ﾠand	 ﾠamplitude	 ﾠ
(sound.a)	 ﾠof	 ﾠthe	 ﾠsound	 ﾠsource.	 ﾠ
Ground:	 ﾠThe	 ﾠground	 ﾠconsists	 ﾠof	 ﾠtwo	 ﾠparts,	 ﾠgeometry	 ﾠand	 ﾠtexture	 ﾠmap.	 ﾠThe	 ﾠgeometry	 ﾠis	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠglobal	 ﾠ
height	 ﾠof	 ﾠeach	 ﾠpart	 ﾠof	 ﾠthe	 ﾠagent	 ﾠ(ground.z).	 ﾠThe	 ﾠground	 ﾠcolor	 ﾠcan	 ﾠbe	 ﾠread	 ﾠabsolutely	 ﾠ(ground.r	 ﾠ/.g	 ﾠ/.b	 ﾠ)	 ﾠas	 ﾠwell	 ﾠas	 ﾠits	 ﾠ
change	 ﾠ(ground.dr	 ﾠ/.dg	 ﾠ/.db).	 ﾠ
Lane:	 ﾠFor	 ﾠstreets	 ﾠwe	 ﾠuse	 ﾠlanes,	 ﾠconsisting	 ﾠof	 ﾠa	 ﾠspline	 ﾠwith	 ﾠwidth	 ﾠand	 ﾠcolor	 ﾠ(lane.h).	 ﾠThe	 ﾠagent	 ﾠcan	 ﾠdetermine	 ﾠits	 ﾠ
absolute	 ﾠposition	 ﾠon	 ﾠthe	 ﾠlane	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠcentre	 ﾠ(lane.x),	 ﾠthe	 ﾠdeviation	 ﾠof	 ﾠits	 ﾠown	 ﾠangle	 ﾠtowards	 ﾠthe	 ﾠangle	 ﾠof	 ﾠthe	 ﾠ
spline	 ﾠ(lane.ox)	 ﾠand	 ﾠthe	 ﾠrate	 ﾠof	 ﾠchange	 ﾠ(lane.ax).	 ﾠ	 ﾠ
Every	 ﾠchannel	 ﾠhas	 ﾠspecific	 ﾠimplications	 ﾠfor	 ﾠthe	 ﾠagent.	 ﾠReading	 ﾠthe	 ﾠground	 ﾠallows	 ﾠthe	 ﾠpedestrian	 ﾠagents	 ﾠto	 ﾠunderstand	 ﾠ
where	 ﾠthey	 ﾠwalk	 ﾠto	 ﾠavoid	 ﾠdifferent	 ﾠparts	 ﾠor	 ﾠchange	 ﾠtheir	 ﾠperceptive	 ﾠmodel,	 ﾠe.g.	 ﾠwhile	 ﾠcrossing	 ﾠthe	 ﾠstreet	 ﾠtaking	 ﾠmore	 ﾠ
attention,	 ﾠthey	 ﾠpay	 ﾠmore	 ﾠattention	 ﾠlaterally	 ﾠwhere	 ﾠcars	 ﾠare	 ﾠlikely	 ﾠto	 ﾠappear.	 ﾠ	 ﾠ
Vision	 ﾠis	 ﾠvery	 ﾠcalculation	 ﾠintensive	 ﾠbut	 ﾠoffers	 ﾠnumerous	 ﾠopportunities,	 ﾠfor	 ﾠinstance	 ﾠby	 ﾠputting	 ﾠinformation	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
on	 ﾠvertical	 ﾠwalls	 ﾠfor	 ﾠagents	 ﾠto	 ﾠread.	 ﾠ	 ﾠHearing,	 ﾠon	 ﾠthe	 ﾠother	 ﾠhand,	 ﾠis	 ﾠvery	 ﾠcalculation	 ﾠefficient	 ﾠand	 ﾠtherefore	 ﾠused	 ﾠas	 ﾠthe	 ﾠ
common	 ﾠinteraction	 ﾠchannel	 ﾠbetween	 ﾠall	 ﾠagents.	 ﾠ
6.2.  Set	 ﾠof	 ﾠGoals	 ﾠ/	 ﾠPoints	 ﾠof	 ﾠInterest	 ﾠ(POI)	 ﾠ
Several	 ﾠanalytical	 ﾠtools	 ﾠhave	 ﾠbeen	 ﾠpresented	 ﾠwhich	 ﾠexamine	 ﾠthe	 ﾠcorrelation	 ﾠbetween	 ﾠhow	 ﾠpeople	 ﾠmove	 ﾠwithin,	 ﾠand	 ﾠ
use,	 ﾠthe	 ﾠurban	 ﾠenvironment	 ﾠ(Penn	 ﾠand	 ﾠTurner,	 ﾠ2001).	 ﾠIn	 ﾠour	 ﾠapproach	 ﾠthis	 ﾠurban	 ﾠenvironment	 ﾠis	 ﾠnot	 ﾠstatic.	 ﾠIt	 ﾠis	 ﾠa	 ﾠ
dynamic	 ﾠenvironment	 ﾠreacting	 ﾠto	 ﾠits	 ﾠsurrounding,	 ﾠadapting	 ﾠto	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠflow	 ﾠof	 ﾠoccupants.	 ﾠEach	 ﾠpedestrian-ﾭ‐,	 ﾠcar-ﾭ‐,	 ﾠ
and	 ﾠmass	 ﾠtransit	 ﾠagents	 ﾠhas	 ﾠits	 ﾠindividual	 ﾠset	 ﾠof	 ﾠpreferences	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠspecific	 ﾠplaces	 ﾠit	 ﾠwants	 ﾠto	 ﾠvisit.	 ﾠThese	 ﾠ
places	 ﾠwould	 ﾠbe	 ﾠwork	 ﾠand	 ﾠhome	 ﾠbut	 ﾠalso	 ﾠthe	 ﾠplaces	 ﾠhe	 ﾠvisits	 ﾠin	 ﾠbetween.	 ﾠBy	 ﾠcompiling	 ﾠsuch	 ﾠinformation	 ﾠwe	 ﾠreduce	 ﾠ
buildings	 ﾠto	 ﾠsymbols	 ﾠof	 ﾠtheir	 ﾠfunctions.	 ﾠWe	 ﾠincorporated	 ﾠthe	 ﾠallocation	 ﾠof	 ﾠthese	 ﾠPoint	 ﾠof	 ﾠInterest	 ﾠ(POI)	 ﾠin	 ﾠthe	 ﾠrules	 ﾠof	 ﾠ
the	 ﾠprocedurally	 ﾠgenerated	 ﾠcity	 ﾠ–	 ﾠtriggered	 ﾠby	 ﾠthe	 ﾠmaster	 ﾠplan	 ﾠwhich	 ﾠconsists	 ﾠof	 ﾠfunction	 ﾠlayers,	 ﾠsuch	 ﾠas	 ﾠliving,	 ﾠ
working,	 ﾠindustry	 ﾠetc.,	 ﾠand	 ﾠcreates	 ﾠan	 ﾠadditional	 ﾠset	 ﾠof	 ﾠlocations	 ﾠfor	 ﾠspecial	 ﾠactivities	 ﾠ	 ﾠ–	 ﾠgenerating	 ﾠa	 ﾠphysical	 ﾠbuilding	 ﾠ
and	 ﾠa	 ﾠbuilding-ﾭ‐agent	 ﾠ(Point-ﾭ‐of-ﾭ‐Interests)	 ﾠ(see	 ﾠSection	 ﾠ5).	 ﾠEach	 ﾠbuilding	 ﾠis	 ﾠalso	 ﾠdefined	 ﾠas	 ﾠan	 ﾠagent	 ﾠthat	 ﾠemits	 ﾠa	 ﾠspecific	 ﾠ
sound	 ﾠrepresenting	 ﾠits	 ﾠfunction,	 ﾠand	 ﾠthus	 ﾠattracting	 ﾠother	 ﾠagents.	 ﾠThe	 ﾠcapacity	 ﾠof	 ﾠa	 ﾠbuilding-ﾭ‐agent	 ﾠis	 ﾠdetermined	 ﾠby	 ﾠits	 ﾠ
size,	 ﾠposition	 ﾠwithin	 ﾠthe	 ﾠcity	 ﾠand	 ﾠfunction.	 ﾠIf	 ﾠthe	 ﾠcapacity	 ﾠis	 ﾠreached,	 ﾠthe	 ﾠbuilding-ﾭ‐agent	 ﾠchanges	 ﾠits	 ﾠsound	 ﾠemission	 ﾠto	 ﾠ
be	 ﾠno	 ﾠmore	 ﾠattractive	 ﾠuntil	 ﾠone	 ﾠagent	 ﾠleaves	 ﾠit.	 ﾠ	 ﾠ6.3.  Decision	 ﾠProcess	 ﾠ
Pedestrians	 ﾠand	 ﾠcar	 ﾠagents	 ﾠare	 ﾠequipped	 ﾠwith	 ﾠpreferences	 ﾠand	 ﾠa	 ﾠdecision	 ﾠprocess	 ﾠto	 ﾠdetermine	 ﾠwhich	 ﾠpoint-ﾭ‐of	 ﾠinterest	 ﾠ
to	 ﾠvisit	 ﾠfirst.	 ﾠWith	 ﾠthe	 ﾠsound	 ﾠchannel	 ﾠthe	 ﾠagent	 ﾠis	 ﾠable	 ﾠto	 ﾠdefine	 ﾠthe	 ﾠdistance	 ﾠbetween	 ﾠit	 ﾠand	 ﾠthe	 ﾠpoint-ﾭ‐of-ﾭ‐interest.	 ﾠThe	 ﾠ
overlay	 ﾠof	 ﾠdistance	 ﾠand	 ﾠpreferences	 ﾠgives	 ﾠthe	 ﾠagent	 ﾠthe	 ﾠpoint-ﾭ‐of-ﾭ‐interest	 ﾠhe	 ﾠwants	 ﾠto	 ﾠvisit	 ﾠfirst.	 ﾠIf	 ﾠthe	 ﾠpoint-ﾭ‐of-ﾭ‐interest	 ﾠ
is	 ﾠlosing	 ﾠhis	 ﾠattraction,	 ﾠthe	 ﾠdecision	 ﾠis	 ﾠrecalculated,	 ﾠpossibly	 ﾠleading	 ﾠthe	 ﾠagent	 ﾠto	 ﾠa	 ﾠdifferent	 ﾠPOINTS-ﾭ‐OF-ﾭ‐INTERESST	 ﾠ
that	 ﾠhe	 ﾠwas	 ﾠhaving	 ﾠas	 ﾠa	 ﾠsecondary	 ﾠchoice	 ﾠat	 ﾠthe	 ﾠstart.	 ﾠ
7.  Specific	 ﾠAgents	 ﾠ
7.1.  Pedestrians	 ﾠ
	 ﾠ
FIG.	 ﾠ8:	 ﾠInput	 ﾠ–	 ﾠOutput	 ﾠdetails	 ﾠfor	 ﾠPedestrian	 ﾠAgents	 ﾠ
A	 ﾠunique	 ﾠset	 ﾠof	 ﾠpersonality	 ﾠcharacteristics	 ﾠand	 ﾠabilities	 ﾠfor	 ﾠeach	 ﾠagent	 ﾠallows	 ﾠthis	 ﾠcollection	 ﾠof	 ﾠindividual	 ﾠbodies	 ﾠto	 ﾠ
realistically	 ﾠrepresent	 ﾠa	 ﾠstandard	 ﾠpopulation.	 ﾠEach	 ﾠagent’s	 ﾠbody	 ﾠand	 ﾠbrain	 ﾠconstitute	 ﾠa	 ﾠsemantic	 ﾠorganism	 ﾠenabling	 ﾠ
the	 ﾠagent	 ﾠto	 ﾠinteract	 ﾠwith	 ﾠdistinct	 ﾠfeatures	 ﾠand	 ﾠabilities.	 ﾠVirtual	 ﾠagents	 ﾠevaluate	 ﾠtheir	 ﾠpath	 ﾠthrough	 ﾠthe	 ﾠcity	 ﾠbased	 ﾠon	 ﾠ
empiric	 ﾠindicators	 ﾠ(e.g.	 ﾠLevel	 ﾠof	 ﾠService	 ﾠ(LoS),	 ﾠtime	 ﾠof	 ﾠtravel	 ﾠetc.)	 ﾠas	 ﾠwell	 ﾠas	 ﾠsecondary	 ﾠindividual	 ﾠindicators	 ﾠ(e.g.	 ﾠ
exhaustion,	 ﾠlucidity	 ﾠof	 ﾠthe	 ﾠcity	 ﾠlayout,	 ﾠpersonal	 ﾠspace	 ﾠavailable,	 ﾠstress	 ﾠetc.),	 ﾠwhich	 ﾠare	 ﾠotherwise	 ﾠonly	 ﾠavailable	 ﾠwith	 ﾠ
time	 ﾠintense	 ﾠand	 ﾠexpensive	 ﾠsurveys.	 ﾠ
Agents	 ﾠare	 ﾠtrained	 ﾠto	 ﾠprefer	 ﾠwalking	 ﾠon	 ﾠthe	 ﾠsidewalk	 ﾠand	 ﾠto	 ﾠavoid	 ﾠstreets.	 ﾠThe	 ﾠagents	 ﾠread	 ﾠthe	 ﾠground	 ﾠand	 ﾠunderstand	 ﾠ
a	 ﾠlarge	 ﾠrange	 ﾠof	 ﾠcolors.	 ﾠAs	 ﾠsimplified	 ﾠreplicas	 ﾠof	 ﾠhumans,	 ﾠthe	 ﾠagents	 ﾠare	 ﾠprimarily	 ﾠcontrolled	 ﾠby	 ﾠtheir	 ﾠvisual	 ﾠinput	 ﾠfor	 ﾠ
collisions	 ﾠdetection,	 ﾠwhich	 ﾠis	 ﾠan	 ﾠoverruling	 ﾠfactor	 ﾠ(Gibson,	 ﾠ1979).	 ﾠA	 ﾠchange	 ﾠin	 ﾠcolor	 ﾠof	 ﾠan	 ﾠagent	 ﾠis	 ﾠused	 ﾠto	 ﾠ
communicate	 ﾠits	 ﾠstate	 ﾠto	 ﾠother	 ﾠagents,	 ﾠallowing	 ﾠtypical	 ﾠemotions	 ﾠto	 ﾠbe	 ﾠconveyed	 ﾠin	 ﾠsituations	 ﾠsuch	 ﾠas	 ﾠwhen	 ﾠa	 ﾠcollision	 ﾠ
occurs.	 ﾠRed,	 ﾠrepresenting	 ﾠanger,	 ﾠor	 ﾠblue,	 ﾠrepresenting	 ﾠindifference,	 ﾠare	 ﾠvisible	 ﾠto	 ﾠthe	 ﾠagents	 ﾠand	 ﾠcontaining	 ﾠ
information	 ﾠabout	 ﾠthe	 ﾠstate	 ﾠof	 ﾠthe	 ﾠother	 ﾠagent.	 ﾠAgents	 ﾠuse	 ﾠthe	 ﾠfrequency	 ﾠand	 ﾠthe	 ﾠamplitude	 ﾠof	 ﾠthe	 ﾠsound	 ﾠto	 ﾠguide	 ﾠthem	 ﾠ
towards	 ﾠdistant	 ﾠlocations	 ﾠor	 ﾠpoints	 ﾠof	 ﾠinterest,	 ﾠwhich	 ﾠare	 ﾠout	 ﾠof	 ﾠsight.	 ﾠ	 ﾠ
Tracked	 ﾠoutput:	 ﾠThe	 ﾠartificial	 ﾠintelligence	 ﾠconveys	 ﾠinformation	 ﾠabout	 ﾠthe	 ﾠeffort	 ﾠit	 ﾠtook	 ﾠthe	 ﾠagent	 ﾠto	 ﾠreach	 ﾠthe	 ﾠ
designated	 ﾠpoints	 ﾠof	 ﾠinterest.	 ﾠ	 ﾠThe	 ﾠinherited	 ﾠstrength	 ﾠan	 ﾠagent	 ﾠis	 ﾠprovided	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠis	 ﾠreduced	 ﾠfaster	 ﾠby	 ﾠ
walking	 ﾠupwards	 ﾠthen	 ﾠmoving	 ﾠdown.	 ﾠThe	 ﾠagent	 ﾠis	 ﾠalso	 ﾠequipped	 ﾠto	 ﾠmeasure	 ﾠthe	 ﾠtime	 ﾠand	 ﾠdetermines	 ﾠif	 ﾠhis	 ﾠjourney	 ﾠ
was	 ﾠtoo	 ﾠtime	 ﾠconsuming	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠdistance	 ﾠhe	 ﾠhad	 ﾠto	 ﾠgo.	 ﾠThe	 ﾠvision	 ﾠand	 ﾠdistance	 ﾠmeasurements	 ﾠdefine	 ﾠhow	 ﾠ
much	 ﾠpersonal	 ﾠspace	 ﾠwas	 ﾠavailable	 ﾠto	 ﾠeach	 ﾠagent	 ﾠduring	 ﾠthe	 ﾠjourney.	 ﾠ	 ﾠ
7.2.  Buildings	 ﾠ/	 ﾠPOI	 ﾠ
	 ﾠFIG.	 ﾠ9:	 ﾠInput	 ﾠ–	 ﾠOutput	 ﾠdetails	 ﾠof	 ﾠBuilding-ﾭAgents	 ﾠ
Building-ﾭ‐agents	 ﾠare	 ﾠprovided	 ﾠwith	 ﾠa	 ﾠposition,	 ﾠfunction	 ﾠand	 ﾠcapacity,	 ﾠall	 ﾠencoded	 ﾠin	 ﾠthe	 ﾠparametric	 ﾠmodel.	 ﾠThe	 ﾠ
building-ﾭ‐agent	 ﾠis	 ﾠemitting	 ﾠa	 ﾠsound	 ﾠfrequency	 ﾠin	 ﾠa	 ﾠdefined	 ﾠradius.	 ﾠThis	 ﾠfrequency	 ﾠcontains	 ﾠthe	 ﾠinformation	 ﾠof	 ﾠfunction	 ﾠ
for	 ﾠother	 ﾠagents.	 ﾠWhen	 ﾠit	 ﾠhas	 ﾠreached	 ﾠits	 ﾠcapacity,	 ﾠthe	 ﾠsound	 ﾠradius	 ﾠis	 ﾠdamped	 ﾠand	 ﾠthe	 ﾠfrequency	 ﾠadjusted.	 ﾠThe	 ﾠbuilding-ﾭ‐agent	 ﾠreceives	 ﾠthe	 ﾠsound	 ﾠfrequency	 ﾠfrom	 ﾠall	 ﾠother	 ﾠsurrounding	 ﾠagents	 ﾠ(e.g.	 ﾠpedestrians).	 ﾠBy	 ﾠcomputing	 ﾠthe	 ﾠ
distance	 ﾠto	 ﾠother	 ﾠagents,	 ﾠthe	 ﾠbuilding-ﾭ‐agent	 ﾠis	 ﾠable	 ﾠto	 ﾠknow	 ﾠwhether	 ﾠthese	 ﾠagents	 ﾠhave	 ﾠcrossed	 ﾠthe	 ﾠdoor	 ﾠand	 ﾠare	 ﾠ
inside.	 ﾠBuilding-ﾭ‐agents	 ﾠare	 ﾠalso	 ﾠsources	 ﾠof	 ﾠpedestrian	 ﾠagents;	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthe	 ﾠday	 ﾠeach	 ﾠbuilding-ﾭ‐agent	 ﾠis	 ﾠ
spawning	 ﾠother	 ﾠagents	 ﾠ(e.g.	 ﾠpedestrians),	 ﾠwhich	 ﾠthen	 ﾠstart	 ﾠto	 ﾠinteract	 ﾠwith	 ﾠthe	 ﾠenvironment.	 ﾠ	 ﾠ
7.3.  Individual	 ﾠTransport	 ﾠ/	 ﾠCars	 ﾠ
FIG.	 ﾠ10:	 ﾠInput	 ﾠ–	 ﾠOutput	 ﾠdetails	 ﾠfor	 ﾠCar-ﾭAgents	 ﾠ
Cars	 ﾠare	 ﾠbound	 ﾠto	 ﾠthe	 ﾠstreets,	 ﾠwhich	 ﾠare	 ﾠrepresented	 ﾠby	 ﾠcolored	 ﾠlanes	 ﾠand	 ﾠare	 ﾠautomatically	 ﾠgenerated	 ﾠwith	 ﾠthe	 ﾠ
procedural	 ﾠmodel.	 ﾠAt	 ﾠits	 ﾠcreation,	 ﾠeach	 ﾠcar	 ﾠagent	 ﾠdecides	 ﾠon	 ﾠits	 ﾠgoals.	 ﾠGuided	 ﾠby	 ﾠthe	 ﾠsound	 ﾠemissions,	 ﾠa	 ﾠcar-ﾭ‐agent	 ﾠis	 ﾠ
able	 ﾠto	 ﾠdefine	 ﾠits	 ﾠdistance	 ﾠto	 ﾠeach	 ﾠgoal.	 ﾠWith	 ﾠand	 ﾠbased	 ﾠon	 ﾠits	 ﾠown	 ﾠset	 ﾠof	 ﾠpreferences,	 ﾠthen	 ﾠdecides	 ﾠon	 ﾠwhich	 ﾠone	 ﾠto	 ﾠgo	 ﾠ
to	 ﾠfirst.	 ﾠ	 ﾠ
Encoded	 ﾠin	 ﾠthe	 ﾠlane	 ﾠis	 ﾠalso	 ﾠthe	 ﾠkind	 ﾠof	 ﾠstreet,	 ﾠimplying	 ﾠthe	 ﾠmaximum	 ﾠspeed	 ﾠfor	 ﾠthe	 ﾠcar-ﾭ‐agents.	 ﾠBut	 ﾠthe	 ﾠagent	 ﾠis	 ﾠalso	 ﾠ
aware	 ﾠof	 ﾠall	 ﾠthe	 ﾠother	 ﾠagents	 ﾠand	 ﾠis	 ﾠmeasuring	 ﾠthe	 ﾠdistance	 ﾠtowards	 ﾠeach	 ﾠof	 ﾠthem.	 ﾠPedestrian-ﾭ‐agents	 ﾠare	 ﾠrecognized	 ﾠ
when	 ﾠcrossing	 ﾠstreets,	 ﾠwhich	 ﾠleads	 ﾠto	 ﾠbraking	 ﾠand	 ﾠstopping	 ﾠstates.	 ﾠOther	 ﾠcar-ﾭ‐	 ﾠand	 ﾠpublic	 ﾠtransport-ﾭ‐agents	 ﾠare	 ﾠalso	 ﾠ
monitored.	 ﾠBased	 ﾠon	 ﾠtheir	 ﾠlocations	 ﾠand	 ﾠspeed,	 ﾠeach	 ﾠcar-ﾭ‐agent	 ﾠadjusts	 ﾠits	 ﾠspeed	 ﾠin	 ﾠorder	 ﾠto	 ﾠmaintain	 ﾠa	 ﾠsafe	 ﾠdistances	 ﾠ
to	 ﾠthese	 ﾠother	 ﾠvehicles.	 ﾠThis	 ﾠalso	 ﾠleads	 ﾠto	 ﾠtraffic	 ﾠdensity	 ﾠfluctuations	 ﾠand	 ﾠcongestions.	 ﾠ
The	 ﾠpath	 ﾠfinding	 ﾠprocess	 ﾠis	 ﾠa	 ﾠ‘greedy	 ﾠfunction’,	 ﾠwhere	 ﾠthe	 ﾠagent	 ﾠis	 ﾠtrying	 ﾠto	 ﾠminimize	 ﾠits	 ﾠdistance	 ﾠtowards	 ﾠthe	 ﾠgoal.	 ﾠ
Because	 ﾠeach	 ﾠagent	 ﾠis	 ﾠbound	 ﾠto	 ﾠthe	 ﾠstreet,	 ﾠit	 ﾠcan	 ﾠonly	 ﾠchange	 ﾠits	 ﾠpath	 ﾠat	 ﾠcrossing,	 ﾠwhere	 ﾠit	 ﾠdecides	 ﾠupon	 ﾠarrival	 ﾠto	 ﾠturn	 ﾠ
in	 ﾠthe	 ﾠdirection	 ﾠof	 ﾠits	 ﾠgoal.	 ﾠFor	 ﾠease	 ﾠof	 ﾠinteraction	 ﾠbetween	 ﾠpedestrian-ﾭ‐agents	 ﾠand	 ﾠcar-ﾭ‐agents,	 ﾠtraffic	 ﾠlights	 ﾠwere	 ﾠalso	 ﾠ
incorporated,	 ﾠrestricting	 ﾠone	 ﾠdirection	 ﾠfor	 ﾠthe	 ﾠcar-ﾭ‐agents	 ﾠand	 ﾠthe	 ﾠother	 ﾠfor	 ﾠthe	 ﾠpedestrian-ﾭ‐agents.	 ﾠ
Tracked	 ﾠoutput:	 ﾠWe	 ﾠused	 ﾠthe	 ﾠoutput	 ﾠchannels	 ﾠto	 ﾠgain	 ﾠinformation	 ﾠabout	 ﾠI)	 ﾠtheir	 ﾠabsolute	 ﾠdeviation	 ﾠfrom	 ﾠthe	 ﾠ
maximum	 ﾠspeed	 ﾠII)	 ﾠtheir	 ﾠaccelerations	 ﾠand	 ﾠIII)	 ﾠtheir	 ﾠdeviations	 ﾠfrom	 ﾠa	 ﾠdirect	 ﾠline	 ﾠto	 ﾠtheir	 ﾠgoal.	 ﾠThis	 ﾠenables	 ﾠus	 ﾠto	 ﾠ
identify	 ﾠstreets	 ﾠwith	 ﾠa	 ﾠhigh	 ﾠcongestion	 ﾠrisk,	 ﾠdemanding	 ﾠfor	 ﾠalternative	 ﾠroutes	 ﾠor	 ﾠmore	 ﾠlanes.	 ﾠ
7.4.  Public	 ﾠTransport-ﾭ‐Agent	 ﾠ/	 ﾠBus	 ﾠ
	 ﾠFIG.	 ﾠ11:	 ﾠInput	 ﾠ–	 ﾠOutput	 ﾠdetails	 ﾠof	 ﾠBus-ﾭAgents	 ﾠ
Similar	 ﾠto	 ﾠthe	 ﾠcar-ﾭ‐agents,	 ﾠpublic	 ﾠtransport-ﾭ‐agents	 ﾠare	 ﾠbound	 ﾠto	 ﾠthe	 ﾠstreet	 ﾠbut	 ﾠhave	 ﾠa	 ﾠstrict	 ﾠroute	 ﾠto	 ﾠfollow	 ﾠwith	 ﾠstops.	 ﾠ
These	 ﾠstops	 ﾠare	 ﾠonly	 ﾠtaken	 ﾠif	 ﾠpedestrian-ﾭ‐agents	 ﾠare	 ﾠactually	 ﾠpresent	 ﾠat	 ﾠthe	 ﾠbus	 ﾠstop	 ﾠwhen	 ﾠthe	 ﾠagent	 ﾠis	 ﾠarriving.	 ﾠ(Also	 ﾠ
the	 ﾠspeed	 ﾠand	 ﾠacceleration	 ﾠare	 ﾠdifferent	 ﾠto	 ﾠtake	 ﾠthe	 ﾠmotion	 ﾠpattern	 ﾠinto	 ﾠaccount.)	 ﾠ	 ﾠ
Each	 ﾠpublic	 ﾠtransport-ﾭ‐agent	 ﾠis	 ﾠaware	 ﾠof	 ﾠits	 ﾠtotal	 ﾠand	 ﾠcurrent	 ﾠtransport	 ﾠcapacity.	 ﾠAdditionally,	 ﾠhigher	 ﾠnumbers	 ﾠof	 ﾠ
pedestrian-ﾭ‐agents	 ﾠgetting	 ﾠoff	 ﾠand	 ﾠon	 ﾠat	 ﾠa	 ﾠbus	 ﾠstop	 ﾠlead	 ﾠto	 ﾠlonger	 ﾠwaiting	 ﾠtimes	 ﾠat	 ﾠthe	 ﾠstops.	 ﾠ
Tracked	 ﾠoutput:	 ﾠ	 ﾠWe	 ﾠwere	 ﾠinterested	 ﾠin	 ﾠthe	 ﾠcapacity	 ﾠlevel	 ﾠat	 ﾠeach	 ﾠstop	 ﾠand	 ﾠthe	 ﾠactual	 ﾠtime	 ﾠeach	 ﾠpublic	 ﾠtransport	 ﾠ
agent	 ﾠneeds	 ﾠto	 ﾠgo	 ﾠfrom	 ﾠone	 ﾠstop	 ﾠto	 ﾠthe	 ﾠnext	 ﾠone.	 ﾠ8.  Results	 ﾠ
8.1.  Output	 ﾠby	 ﾠAgent	 ﾠ
During	 ﾠthe	 ﾠsimulation,	 ﾠevery	 ﾠagent	 ﾠdraws	 ﾠan	 ﾠindividual	 ﾠcolor-ﾭ‐coded	 ﾠline	 ﾠon	 ﾠthe	 ﾠground.	 ﾠThe	 ﾠcolor	 ﾠchange,	 ﾠtriggered	 ﾠby	 ﾠ
the	 ﾠbrain,	 ﾠis	 ﾠrepresentative	 ﾠof	 ﾠboth	 ﾠits	 ﾠemotions	 ﾠand	 ﾠits	 ﾠanalytical	 ﾠexperience	 ﾠof	 ﾠthe	 ﾠenvironment.	 ﾠEvery	 ﾠagent	 ﾠis	 ﾠ
entirely	 ﾠunique.	 ﾠ	 ﾠ
We	 ﾠhave	 ﾠto	 ﾠstress	 ﾠthat	 ﾠa	 ﾠsingle	 ﾠagent	 ﾠis	 ﾠnot	 ﾠrepresentative,	 ﾠbut	 ﾠif	 ﾠa	 ﾠsignificant	 ﾠnumber	 ﾠof	 ﾠagents	 ﾠappear	 ﾠto	 ﾠbe	 ﾠ
exhausted	 ﾠat	 ﾠthe	 ﾠvery	 ﾠsame	 ﾠspot,	 ﾠwe	 ﾠknow	 ﾠthat	 ﾠwe	 ﾠhave	 ﾠto	 ﾠadjust.	 ﾠDepending	 ﾠon	 ﾠthe	 ﾠlocation	 ﾠa	 ﾠrest	 ﾠarea	 ﾠwith	 ﾠbenches	 ﾠ
may	 ﾠbe	 ﾠneeded.	 ﾠAlso,	 ﾠif	 ﾠthe	 ﾠnet	 ﾠtravel	 ﾠtime	 ﾠappears	 ﾠto	 ﾠbe	 ﾠtoo	 ﾠlong	 ﾠwe	 ﾠassume	 ﾠthat	 ﾠthe	 ﾠagents	 ﾠwould	 ﾠrather	 ﾠtake	 ﾠpublic	 ﾠ
or	 ﾠprivate	 ﾠtransport	 ﾠthen	 ﾠwalk.	 ﾠWith	 ﾠthis	 ﾠinformation	 ﾠwe	 ﾠcan	 ﾠadjust	 ﾠthe	 ﾠstops	 ﾠof	 ﾠthe	 ﾠpublic	 ﾠtransportation	 ﾠsystem	 ﾠto	 ﾠ
increase	 ﾠthe	 ﾠtime	 ﾠefficiency	 ﾠfor	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠoccupants.	 ﾠ
8.2.  Dübendorf	 ﾠExample	 ﾠ
Dübendorf,	 ﾠa	 ﾠsuburban	 ﾠcentre	 ﾠof	 ﾠZürich,	 ﾠcurrently	 ﾠhouses	 ﾠa	 ﾠmilitary	 ﾠairport,	 ﾠwhich	 ﾠwill	 ﾠbe	 ﾠmade	 ﾠredundant.	 ﾠThe	 ﾠarea	 ﾠ
in	 ﾠquestion	 ﾠis	 ﾠthe	 ﾠbiggest	 ﾠto	 ﾠbe	 ﾠdeveloped	 ﾠin	 ﾠSwitzerland	 ﾠin	 ﾠthe	 ﾠnear	 ﾠfuture.	 ﾠWith	 ﾠan	 ﾠincreasing	 ﾠtrend	 ﾠof	 ﾠliving	 ﾠin	 ﾠ
suburban	 ﾠareas,	 ﾠthere	 ﾠis	 ﾠincreased	 ﾠpressure	 ﾠto	 ﾠdevelop	 ﾠthe	 ﾠarea	 ﾠinto	 ﾠa	 ﾠcompact	 ﾠnew	 ﾠcentre	 ﾠfor	 ﾠDübendorf	 ﾠand	 ﾠ
surrounding	 ﾠareas.	 ﾠWe	 ﾠdivided	 ﾠthe	 ﾠresults	 ﾠin	 ﾠtwo	 ﾠparts	 ﾠa	 ﾠpedestrian	 ﾠbased	 ﾠevaluation	 ﾠ(7.1.1,	 ﾠ7.1.2)	 ﾠand	 ﾠa	 ﾠstreet	 ﾠagent	 ﾠ
interaction.	 ﾠBoth	 ﾠhave	 ﾠa	 ﾠsimilar	 ﾠunderlying	 ﾠstructure	 ﾠand	 ﾠrepresent	 ﾠthe	 ﾠresult	 ﾠof	 ﾠour	 ﾠworkflow.	 ﾠ
8.2.1. Primary	 ﾠDesign	 ﾠEvolution	 ﾠ
In	 ﾠthis	 ﾠcase	 ﾠwe	 ﾠcan	 ﾠshow	 ﾠthe	 ﾠdensity	 ﾠdifferences	 ﾠbetween	 ﾠthe	 ﾠarea	 ﾠof	 ﾠhigh-ﾭ‐rise	 ﾠbuildings	 ﾠin	 ﾠthe	 ﾠcentre	 ﾠand	 ﾠthe	 ﾠlow-ﾭ‐
density	 ﾠliving	 ﾠquarters	 ﾠon	 ﾠthe	 ﾠoutskirts.	 ﾠThere	 ﾠis	 ﾠno	 ﾠabsolute	 ﾠrule	 ﾠabout	 ﾠdensity	 ﾠor	 ﾠtraffic	 ﾠ-ﾭ‐	 ﾠfor	 ﾠsome	 ﾠattractions	 ﾠan	 ﾠ
increased	 ﾠflow	 ﾠof	 ﾠoccupants	 ﾠis	 ﾠfavored,	 ﾠwhile	 ﾠfor	 ﾠothers	 ﾠthis	 ﾠis	 ﾠnot	 ﾠthe	 ﾠcase.	 ﾠ	 ﾠWe	 ﾠshow	 ﾠin	 ﾠfigure	 ﾠ12	 ﾠthe	 ﾠlayer	 ﾠof	 ﾠpersonal	 ﾠ
space.	 ﾠThe	 ﾠproblem	 ﾠwe	 ﾠidentified	 ﾠhere	 ﾠwas	 ﾠthat	 ﾠthe	 ﾠentrances	 ﾠ/	 ﾠexits	 ﾠof	 ﾠthe	 ﾠbuildings	 ﾠwere	 ﾠopposite	 ﾠto	 ﾠeach	 ﾠother.	 ﾠ	 ﾠ
They	 ﾠwould	 ﾠbe	 ﾠbetter	 ﾠplaced	 ﾠin	 ﾠan	 ﾠasymmetric	 ﾠway	 ﾠto	 ﾠavoid	 ﾠcollisions.	 ﾠ
FIG.	 ﾠ12:	 ﾠLeft:	 ﾠQuantified	 ﾠvisualization	 ﾠof	 ﾠ6800	 ﾠagents	 ﾠwithin	 ﾠthe	 ﾠgiven	 ﾠarea.	 ﾠMiddle	 ﾠand	 ﾠright:	 ﾠOccupant	 ﾠstress	 ﾠanalysis;	 ﾠdark	 ﾠdots	 ﾠ
represent	 ﾠnot	 ﾠenough	 ﾠindividual	 ﾠspace.	 ﾠTo	 ﾠhandle	 ﾠthe	 ﾠamount	 ﾠof	 ﾠagents	 ﾠin	 ﾠthis	 ﾠcase,	 ﾠwe	 ﾠgroup	 ﾠagents	 ﾠinto	 ﾠthree	 ﾠmajor	 ﾠgroups	 ﾠ(Jager	 ﾠet	 ﾠal.,	 ﾠ2001).	 ﾠThe	 ﾠgroup	 ﾠ
which	 ﾠis	 ﾠcoming	 ﾠfrom	 ﾠhome	 ﾠ(GotoWork),	 ﾠthe	 ﾠgroup	 ﾠwhich	 ﾠcomes	 ﾠfrom	 ﾠwork	 ﾠ(GotoHome)	 ﾠand	 ﾠthe	 ﾠgroup	 ﾠwhich	 ﾠhas	 ﾠno	 ﾠ
specific	 ﾠgoal	 ﾠto	 ﾠreach	 ﾠand	 ﾠoccupy	 ﾠthe	 ﾠstreets	 ﾠas	 ﾠa	 ﾠpresent	 ﾠbackground	 ﾠnoise.	 ﾠ
8.2.2. Secondary	 ﾠDesign	 ﾠEvolution	 ﾠ
The	 ﾠsetup	 ﾠconsists	 ﾠof	 ﾠa	 ﾠpedestrian	 ﾠcrossing,	 ﾠwith	 ﾠdifferent	 ﾠtypical	 ﾠactivities,	 ﾠand	 ﾠa	 ﾠstreet,	 ﾠwhich	 ﾠrepresents	 ﾠan	 ﾠobstacle	 ﾠ
to	 ﾠthe	 ﾠagents.	 ﾠThis	 ﾠtime	 ﾠthe	 ﾠagents	 ﾠfind	 ﾠtheir	 ﾠway	 ﾠfrom	 ﾠtheir	 ﾠsource	 ﾠto	 ﾠtheir	 ﾠfinal	 ﾠdestination	 ﾠby	 ﾠmaking	 ﾠa	 ﾠselection	 ﾠ
from	 ﾠa	 ﾠlist	 ﾠof	 ﾠpossible	 ﾠsecondary	 ﾠgoals	 ﾠand	 ﾠmarking	 ﾠtheir	 ﾠway	 ﾠwithin	 ﾠtheir	 ﾠindividual	 ﾠpath.	 ﾠAs	 ﾠa	 ﾠresult	 ﾠwe	 ﾠcan	 ﾠsee	 ﾠ
increased	 ﾠtraffic	 ﾠaround	 ﾠthe	 ﾠhigh-ﾭ‐rise	 ﾠbuildings	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠcrossing	 ﾠof	 ﾠthe	 ﾠstreets	 ﾠin	 ﾠthe	 ﾠnorth	 ﾠ(FIG.	 ﾠ13).	 ﾠAs	 ﾠseen	 ﾠin	 ﾠ
the	 ﾠcollision	 ﾠmap,	 ﾠthere	 ﾠis	 ﾠno	 ﾠstress	 ﾠproblem	 ﾠat	 ﾠstreet	 ﾠcrossing.	 ﾠHowever,	 ﾠeven	 ﾠwith	 ﾠthe	 ﾠsame	 ﾠamount	 ﾠof	 ﾠpedestrians,	 ﾠ
there	 ﾠis	 ﾠa	 ﾠproblem	 ﾠin	 ﾠthe	 ﾠmiddle	 ﾠof	 ﾠthe	 ﾠpedestrian	 ﾠwalk	 ﾠway.	 ﾠThis	 ﾠis	 ﾠdue	 ﾠto	 ﾠseveral	 ﾠreasons.	 ﾠOne	 ﾠreason	 ﾠis	 ﾠthe	 ﾠagents’	 ﾠ
flocking	 ﾠbehavior,	 ﾠmaking	 ﾠthe	 ﾠagents	 ﾠalign	 ﾠthemselves	 ﾠthere,	 ﾠafter	 ﾠincreasing	 ﾠthe	 ﾠamount	 ﾠof	 ﾠiterations.	 ﾠAdditionally,	 ﾠif	 ﾠ
an	 ﾠagent	 ﾠis	 ﾠmaking	 ﾠdecisions	 ﾠin	 ﾠthat	 ﾠparticular	 ﾠarea	 ﾠit	 ﾠis	 ﾠlikely	 ﾠthat	 ﾠhe	 ﾠwill	 ﾠchange	 ﾠhis	 ﾠgoals.	 ﾠInterestingly,	 ﾠthe	 ﾠagents	 ﾠdo	 ﾠ
not	 ﾠfavor	 ﾠthe	 ﾠtwo	 ﾠasymmetric	 ﾠpedestrian	 ﾠcrossings.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠfind	 ﾠthe	 ﾠnext	 ﾠcrossing,	 ﾠthey	 ﾠcan	 ﾠeasily	 ﾠblock	 ﾠeach	 ﾠ
other’s	 ﾠpath.	 ﾠThe	 ﾠtotal-ﾭ‐time-ﾭ‐spent	 ﾠmap	 ﾠreveals	 ﾠthe	 ﾠneed	 ﾠfor	 ﾠanother	 ﾠpublic	 ﾠtraffic	 ﾠstop	 ﾠat	 ﾠthe	 ﾠsouth	 ﾠend	 ﾠto	 ﾠeven	 ﾠout	 ﾠthe	 ﾠ
time	 ﾠneeded	 ﾠto	 ﾠreach	 ﾠall	 ﾠgoals.	 ﾠ
	 ﾠ
Fig.	 ﾠ13:	 ﾠHigh-ﾭdensity	 ﾠcrossing;	 ﾠfrom	 ﾠleft	 ﾠto	 ﾠright:	 ﾠDensity,	 ﾠcollision,	 ﾠand	 ﾠtime	 ﾠmap.	 ﾠ
8.2.3. Third	 ﾠDesign	 ﾠEvolution	 ﾠ
In	 ﾠthis	 ﾠcase	 ﾠwe	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠevaluation	 ﾠof	 ﾠthe	 ﾠstreet	 ﾠbound	 ﾠagents.	 ﾠWe	 ﾠextracted	 ﾠonly	 ﾠthe	 ﾠmaps	 ﾠdrawn	 ﾠby	 ﾠthe	 ﾠcars	 ﾠor	 ﾠ
buses.	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠwe	 ﾠalso	 ﾠwould	 ﾠlike	 ﾠto	 ﾠshow	 ﾠthe	 ﾠdifference	 ﾠover	 ﾠthe	 ﾠday.	 ﾠThe	 ﾠcase	 ﾠconsists	 ﾠof	 ﾠtwo	 ﾠareas,	 ﾠto	 ﾠthe	 ﾠwest,	 ﾠ
there	 ﾠare	 ﾠbigger	 ﾠvolumes	 ﾠwith	 ﾠwork	 ﾠfunctions	 ﾠand	 ﾠcorresponding	 ﾠsecondary	 ﾠfunctions,	 ﾠsuch	 ﾠas	 ﾠcafeteria	 ﾠetc.;	 ﾠin	 ﾠthe	 ﾠ
east,	 ﾠthere	 ﾠare	 ﾠresidential	 ﾠbuildings	 ﾠwith	 ﾠlower	 ﾠheight	 ﾠand	 ﾠcapacity.	 ﾠ
	 ﾠ
FIG.	 ﾠ14:	 ﾠTime-ﾭdepended	 ﾠuse	 ﾠof	 ﾠthe	 ﾠBus	 ﾠ
In	 ﾠthis	 ﾠcase	 ﾠwe	 ﾠshow	 ﾠa	 ﾠsingle	 ﾠbus	 ﾠline	 ﾠand	 ﾠthe	 ﾠutilization	 ﾠof	 ﾠits	 ﾠcapacity	 ﾠ(FIG.	 ﾠ14).	 ﾠThe	 ﾠbus	 ﾠis	 ﾠturning	 ﾠclockwise	 ﾠand	 ﾠ
absorbs	 ﾠagents	 ﾠtraveling	 ﾠfor	 ﾠa	 ﾠlonger	 ﾠdistance	 ﾠthen	 ﾠwalking.	 ﾠIn	 ﾠgeneral	 ﾠthe	 ﾠmorning	 ﾠ(07:00	 ﾠ–	 ﾠ08:00)	 ﾠand	 ﾠevening	 ﾠ
(17:00	 ﾠ–	 ﾠ18:00)	 ﾠsimulations	 ﾠshows	 ﾠa	 ﾠhigher	 ﾠexploitation	 ﾠover	 ﾠthe	 ﾠwhole	 ﾠloop.	 ﾠ	 ﾠ	 ﾠ
FIG.	 ﾠ15:	 ﾠCongestion	 ﾠeffects	 ﾠof	 ﾠcars	 ﾠin	 ﾠthe	 ﾠmorning	 ﾠtraffic	 ﾠover	 ﾠtime	 ﾠ
In	 ﾠthis	 ﾠcase	 ﾠwe	 ﾠse	 ﾠhow	 ﾠthe	 ﾠmorning	 ﾠtraffic	 ﾠis	 ﾠdissolving	 ﾠover	 ﾠ2	 ﾠhours	 ﾠ(FIG.	 ﾠ15).	 ﾠThese	 ﾠimages	 ﾠare	 ﾠpart	 ﾠof	 ﾠa	 ﾠdynamic	 ﾠ
movie	 ﾠshowing	 ﾠthe	 ﾠdensity	 ﾠfluctuations.	 ﾠIn	 ﾠFig.	 ﾠ16	 ﾠthe	 ﾠsame	 ﾠagents	 ﾠare	 ﾠalso	 ﾠshowing	 ﾠwhere	 ﾠthe	 ﾠpath	 ﾠthey	 ﾠtook	 ﾠdeviates	 ﾠ
from	 ﾠan	 ﾠoptimal	 ﾠline.	 ﾠ
	 ﾠ
FIG.	 ﾠ16:	 ﾠDeviation	 ﾠfrom	 ﾠoptimal	 ﾠpath	 ﾠin	 ﾠmorning	 ﾠtraffic	 ﾠover	 ﾠtime	 ﾠ
9.  Impact	 ﾠon	 ﾠPlanning	 ﾠDecisions	 ﾠ
Our	 ﾠsimulation	 ﾠmethod	 ﾠenables	 ﾠthe	 ﾠurban	 ﾠplanner	 ﾠto	 ﾠadjust	 ﾠthe	 ﾠdesign	 ﾠfrom	 ﾠsmall	 ﾠscale	 ﾠto	 ﾠlarge	 ﾠscale.	 ﾠEach	 ﾠevaluation,	 ﾠ
sorted	 ﾠby	 ﾠkind	 ﾠof	 ﾠagent,	 ﾠhas	 ﾠdifferent	 ﾠplanning	 ﾠimplications.	 ﾠ
Pedestrian-ﾭAgent:	 ﾠThe	 ﾠdensity	 ﾠmaps	 ﾠhave	 ﾠimplications	 ﾠon	 ﾠthe	 ﾠfunctional	 ﾠlayer	 ﾠof	 ﾠthe	 ﾠcity	 ﾠ–	 ﾠcommercial	 ﾠfunction	 ﾠ
welcomes	 ﾠa	 ﾠhigher	 ﾠrate	 ﾠof	 ﾠpedestrian	 ﾠtraffic	 ﾠbut	 ﾠresidential	 ﾠfunction	 ﾠmight	 ﾠmove	 ﾠout	 ﾠof	 ﾠthe	 ﾠarea.	 ﾠThe	 ﾠcollision	 ﾠmap	 ﾠ
shows	 ﾠwhere	 ﾠthe	 ﾠstress	 ﾠlevel	 ﾠfor	 ﾠpedestrians	 ﾠis	 ﾠincreased	 ﾠand	 ﾠwhere	 ﾠthe	 ﾠsidewalks	 ﾠhave	 ﾠto	 ﾠget	 ﾠwider.	 ﾠThe	 ﾠtime-ﾭ‐map	 ﾠ
has	 ﾠan	 ﾠimpact	 ﾠon	 ﾠanother	 ﾠsystem,	 ﾠwhich	 ﾠdefines	 ﾠthe	 ﾠposition	 ﾠof	 ﾠthe	 ﾠpublic	 ﾠtransports	 ﾠstops.	 ﾠ
Bus-ﾭAgent:	 ﾠThe	 ﾠevaluation	 ﾠby	 ﾠthe	 ﾠbus	 ﾠagents	 ﾠhas	 ﾠto	 ﾠbe	 ﾠlooked	 ﾠat	 ﾠover	 ﾠtime.	 ﾠThere,	 ﾠthe	 ﾠcongestion	 ﾠeffect	 ﾠwithin	 ﾠthe	 ﾠ
bus-ﾭ‐system	 ﾠis	 ﾠactually	 ﾠvisible.	 ﾠAlso	 ﾠthe	 ﾠefficiency,	 ﾠthe	 ﾠability	 ﾠto	 ﾠtransport	 ﾠpedestrians,	 ﾠof	 ﾠthe	 ﾠsystem	 ﾠis	 ﾠvarying	 ﾠfor	 ﾠeach	 ﾠ
individual	 ﾠbus	 ﾠand	 ﾠhas	 ﾠimplications	 ﾠto	 ﾠprovide	 ﾠadditional	 ﾠbuses	 ﾠfor	 ﾠa	 ﾠspecific	 ﾠtime	 ﾠand	 ﾠpart	 ﾠof	 ﾠthe	 ﾠbus	 ﾠsystem.	 ﾠ
Car-ﾭAgent:	 ﾠThe	 ﾠmost	 ﾠprofound	 ﾠpart	 ﾠof	 ﾠa	 ﾠcity	 ﾠis	 ﾠits	 ﾠstreet	 ﾠnetwork	 ﾠ–	 ﾠslow	 ﾠchanging.	 ﾠ	 ﾠTherefore	 ﾠan	 ﾠinitial	 ﾠsetting	 ﾠof	 ﾠthe	 ﾠ
streets	 ﾠhas	 ﾠto	 ﾠbe	 ﾠdone	 ﾠwith	 ﾠa	 ﾠlot	 ﾠof	 ﾠcare.	 ﾠBut	 ﾠthe	 ﾠknowledge	 ﾠof	 ﾠcongestion	 ﾠeffects	 ﾠalso	 ﾠallows	 ﾠredirecting	 ﾠtraffic	 ﾠin	 ﾠan	 ﾠ
existing	 ﾠconfiguration	 ﾠprior	 ﾠto	 ﾠthe	 ﾠchange,	 ﾠe.g.	 ﾠconstruction	 ﾠetc.	 ﾠ.	 ﾠ
With	 ﾠa	 ﾠlimited	 ﾠamount	 ﾠof	 ﾠresources,	 ﾠthis	 ﾠallows	 ﾠthe	 ﾠurban	 ﾠplaner	 ﾠto	 ﾠchoose	 ﾠthe	 ﾠsmallest	 ﾠpossible	 ﾠintervention	 ﾠto	 ﾠgain	 ﾠ
the	 ﾠlargest	 ﾠoutput.	 ﾠSmall	 ﾠobvious	 ﾠchanges	 ﾠare	 ﾠmore	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠaccepted	 ﾠby	 ﾠthe	 ﾠoccupants	 ﾠand	 ﾠtherefore	 ﾠhave	 ﾠa	 ﾠhigher	 ﾠ
chance	 ﾠof	 ﾠcreating	 ﾠa	 ﾠpermanent	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠcity.	 ﾠIn	 ﾠthe	 ﾠdesign	 ﾠstage	 ﾠchanges	 ﾠcan	 ﾠbe	 ﾠsimulated	 ﾠand	 ﾠevaluated.	 ﾠThese	 ﾠ
evaluations	 ﾠmight	 ﾠlead	 ﾠto	 ﾠcontradicting	 ﾠneeds	 ﾠallowing	 ﾠstakeholders	 ﾠto	 ﾠmake	 ﾠa	 ﾠdecision	 ﾠreflecting	 ﾠtheir	 ﾠopinion.	 ﾠ
The	 ﾠhigh-ﾭ‐resolution	 ﾠpictures	 ﾠand	 ﾠmovies	 ﾠ(Fig.	 ﾠ14)	 ﾠare	 ﾠthen	 ﾠa	 ﾠmethod	 ﾠof	 ﾠcommunicating	 ﾠto	 ﾠall	 ﾠstakeholders,	 ﾠallowing	 ﾠa	 ﾠ
discussion	 ﾠabout	 ﾠdifferent	 ﾠdesign	 ﾠideas	 ﾠand	 ﾠaddress	 ﾠproblems.	 ﾠWith	 ﾠan	 ﾠincreased	 ﾠnumber	 ﾠof	 ﾠdecisions	 ﾠmade	 ﾠ
unilaterally,	 ﾠa	 ﾠclear	 ﾠcommunication	 ﾠreduces	 ﾠtime	 ﾠand	 ﾠmeeting	 ﾠrequirements.	 ﾠ	 ﾠ
FIG.	 ﾠ17:	 ﾠDetailed	 ﾠgraphical	 ﾠoutput	 ﾠfor	 ﾠcommunication	 ﾠ
10.  Discussion	 ﾠ
The	 ﾠresults,	 ﾠdivided	 ﾠaccording	 ﾠto	 ﾠeach	 ﾠagent	 ﾠ,	 ﾠare	 ﾠa	 ﾠuseful	 ﾠtool	 ﾠand	 ﾠallows	 ﾠto	 ﾠdiscuss	 ﾠthe	 ﾠimplications	 ﾠbetween	 ﾠdifferent	 ﾠ
field,	 ﾠsuch	 ﾠas	 ﾠurban	 ﾠplanners,	 ﾠtraffic	 ﾠplaners	 ﾠas	 ﾠwell	 ﾠas	 ﾠpoliticians.	 ﾠEven	 ﾠwith	 ﾠuseful	 ﾠresults	 ﾠthat	 ﾠare	 ﾠrelatively	 ﾠeasy	 ﾠto	 ﾠ
understand,	 ﾠwe	 ﾠhave	 ﾠto	 ﾠresearch	 ﾠpossible	 ﾠdeviations	 ﾠbetween	 ﾠour	 ﾠprediction	 ﾠand	 ﾠreality.	 ﾠDespite	 ﾠreliable	 ﾠstatistics,	 ﾠit	 ﾠ
is	 ﾠvirtually	 ﾠimpossible	 ﾠto	 ﾠreconstruct	 ﾠthe	 ﾠdecision	 ﾠprocess	 ﾠof	 ﾠhuman	 ﾠbeings.	 ﾠFor	 ﾠthis	 ﾠreason	 ﾠwe	 ﾠconcentrate	 ﾠon	 ﾠthe	 ﾠ
path	 ﾠfinding	 ﾠabilities	 ﾠof	 ﾠthe	 ﾠagents	 ﾠand	 ﾠrely	 ﾠon	 ﾠpredefined	 ﾠgoals.	 ﾠAnother	 ﾠlimitation	 ﾠof	 ﾠour	 ﾠmethod	 ﾠis	 ﾠthe	 ﾠcalculation	 ﾠ
time.	 ﾠThe	 ﾠenhanced	 ﾠcomplexity	 ﾠof	 ﾠthe	 ﾠurban	 ﾠlayout	 ﾠincreases	 ﾠthe	 ﾠcalculation	 ﾠtime	 ﾠexponentially.	 ﾠ
11.  Conclusion	 ﾠ
This	 ﾠproject	 ﾠincluded	 ﾠfor	 ﾠthe	 ﾠfirst	 ﾠtime	 ﾠa	 ﾠdynamic	 ﾠenvironment,	 ﾠconnecting	 ﾠthe	 ﾠphysical	 ﾠenvironment	 ﾠto	 ﾠthe	 ﾠmovement	 ﾠ
und	 ﾠutilization	 ﾠpatterns	 ﾠof	 ﾠits	 ﾠoccupants.	 ﾠThis	 ﾠis	 ﾠa	 ﾠcrucial	 ﾠpart	 ﾠto	 ﾠunderstand	 ﾠbetter	 ﾠthe	 ﾠmovement	 ﾠof	 ﾠextremely	 ﾠlarge	 ﾠ
crowds	 ﾠwithin	 ﾠa	 ﾠcity.	 ﾠThis	 ﾠdynamic	 ﾠenvironment	 ﾠguides	 ﾠagents	 ﾠto	 ﾠPOI’s	 ﾠthey	 ﾠwould	 ﾠhave	 ﾠchosen	 ﾠfrom	 ﾠthe	 ﾠstart	 ﾠ-ﾭ‐	 ﾠbut	 ﾠ
resembles	 ﾠa	 ﾠmore	 ﾠnatural	 ﾠpath	 ﾠfinding	 ﾠprocess,	 ﾠwhere	 ﾠthe	 ﾠpath	 ﾠand	 ﾠthe	 ﾠgoal	 ﾠget	 ﾠadjusted	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠ
environment	 ﾠconstantly.	 ﾠThe	 ﾠbehavior	 ﾠpatterns	 ﾠof	 ﾠpedestrians	 ﾠand	 ﾠtheir	 ﾠdecision	 ﾠprocesses	 ﾠon	 ﾠthe	 ﾠsmall	 ﾠscale	 ﾠaffect	 ﾠ
urban	 ﾠusers	 ﾠon	 ﾠall	 ﾠscales.	 ﾠThis	 ﾠincreased	 ﾠknowledge	 ﾠabout	 ﾠthe	 ﾠbehavior,	 ﾠthe	 ﾠinteraction	 ﾠbetween	 ﾠactors	 ﾠin	 ﾠa	 ﾠcity	 ﾠand	 ﾠ
movement	 ﾠpatterns	 ﾠare	 ﾠon	 ﾠan	 ﾠunprecedented	 ﾠscale	 ﾠenabling	 ﾠplanners	 ﾠand	 ﾠdecision	 ﾠmakers	 ﾠto	 ﾠfind	 ﾠmore	 ﾠsubtle	 ﾠways	 ﾠto	 ﾠ
adjust	 ﾠthe	 ﾠurban	 ﾠfabric	 ﾠand	 ﾠoffer	 ﾠthe	 ﾠopportunity	 ﾠto	 ﾠinvestigate	 ﾠparts	 ﾠof	 ﾠa	 ﾠcity	 ﾠand	 ﾠto	 ﾠoptimize	 ﾠcorresponding	 ﾠaspects	 ﾠ
with	 ﾠminimal	 ﾠinterventions	 ﾠon	 ﾠthe	 ﾠurban	 ﾠlevel.	 ﾠ	 ﾠ
This	 ﾠattempt	 ﾠof	 ﾠbridging	 ﾠthe	 ﾠgap	 ﾠbetween	 ﾠfunction,	 ﾠbehavior	 ﾠand	 ﾠstructure	 ﾠis	 ﾠstill	 ﾠonly	 ﾠautomated	 ﾠfrom	 ﾠstructure	 ﾠto	 ﾠ
function	 ﾠand	 ﾠhands	 ﾠover	 ﾠthe	 ﾠbehavior	 ﾠmodel	 ﾠto	 ﾠa	 ﾠdifferent	 ﾠsystem.	 ﾠTherefore,	 ﾠan	 ﾠautomatic	 ﾠiteration	 ﾠof	 ﾠthe	 ﾠloop	 ﾠis	 ﾠstill	 ﾠ
far	 ﾠfrom	 ﾠbeing	 ﾠan	 ﾠintegrated,	 ﾠinteractive	 ﾠsystem.	 ﾠA	 ﾠcloser	 ﾠintegration	 ﾠof	 ﾠfunction	 ﾠand	 ﾠbehavior	 ﾠreduces	 ﾠcalculation	 ﾠ
time	 ﾠand	 ﾠwill	 ﾠlead	 ﾠto	 ﾠa	 ﾠpractical	 ﾠintegrating.	 ﾠ
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